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ABSTRACT 


A  3-year  program  was  conducted  to  develop  a  family  of  flight-weight  flanged  tube 
connectors  which  utilize  the  "Bobbin"  seal  concept  for  both  6061 -T6  aluminum  and 
Type  347  stainless  steel  tubing  systems.  In  addition,  engineering  support  was  furnished 
during  the  evaluation  of  AFRFL  stainless  steel  threaded  connectors  by  selected  organi¬ 
zations.  The  activities  in  relation  to  the  first  objective  consisted  of:  (1)  the  selection 
of  bolted,  flanged  connectors  as  the  best  means  of  joining  tubing  from  1  to  16  inches  in 
diameter,  (2)  the  development  of  stainless  steel  and  aluminum  Bobbin  seals  for  typical 
flanged  connector  sizes,  (3)  the  preparation  of  a  detailed  computer  program  for  the 
optimum  design  of  flanged  connectors  incorporating  Bobbin  seals,  (4)  the  design, 
fabrication,  and  qualification  testing  of  representative  flanged  connectors,  and  (5)  the 
preparation  of  designs  for  a  family  of  stainless  steel  and  aluminum  flanged  connectors. 
The  activities  directed  toward  the  second  objective  consisted  of:  (1)  the  investigation 
of  seal-removal  tools,  (2)  the  design  and  evaluation  of  connector  modifications  to 
achieve  seal  retention  and  misalignment  limitation,  (3)  the  investigation  of  increased 
radial  seal  loading  techniques,  and  (4)  the  investigation  of  stress  relaxation  in  threaded 
connectors.  In  addition  to  a  summary  of  the  technical  activities,  the  report  contains 
the  computer  design  program  for  flanged  connectors,  and  designs  for  aluminum  and 
stainless  steel  flanged  connectors  for  pressures  up  to  1500  psi  and  for  tube  sizes 
through  16  inches.  It  is  recommended  that  MS  standards  and  specifications  be  pre¬ 
pared  for  cryogenic  stainless  steel  and  aluminum  flanged  connectors  for  tubing  through 
3  inches  in  diameter.  Additional  developmental  work  is  recommended  in  regard  to 
larger  flanged  connectors,  and  in  regard  to  certain  aspects  of  the  stainless  steel 
threaded  connectors. 
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Fg  Radial  sealing  force  per  inch  of  seal  disk  circumference,  lb/in. 

F ip  Radial  force  per  inch  of  seal  tang  outside  circumference  at  the  root  of  each 

seal  disk,  lb/in. 

Sy  Material  yield  stress,  psi 

DQ  Seal  disk  outside  diameter,  in. 

De  Seal  tang  outside  diameter,  in. 

Di  Seal  tang  inside  diameter,  in. 

L  Seal  tang  length,  in. 

t  Seal  tang  thickness,  in. 

P-p  Pressure  on  outside  seal  tang  circumference,  psi 

K  Dimensionless  factor  for  relating  sdal  tang  length  to  seal  tang  inside 

diameter  and  seal  tang  thickness 

Sa  Allowable  stress  at  most  severe  operating  condition,  psi 

P  Operating  pressure,  proof  pressure,  or  burst  pressure,  psi 

D  Tube  outside  diameter,  in. 

TAL  Connector  design  axial  load,  lb 

PL  Pressure  end  load,  lb 

TBM  Tube  bending  moment,  lb-in. 

Z  Tube  section  modulus,  in.  ^ 

Minimum  stress  for  calculating  tube  bending  moment,  psi 
ALg  Equivalent  axial  load,  lb 
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T  Tube-wall  thickness,  in. 

MSL  Minimum  residual  seal  load,  lb 

BL  Maximum  allowable  bolt  load,  lb 

•Individual  listings  of  abbreviations  and  symbols  have  been  prepared  for  each  Appendix,  where  applicable. 
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FS  Factor  of  safety 

Aa  Bolt  tensile  stress  area,  in.^ 

Basic  bolt  diameter,  in, 

S  Axial  stress  in  bolt,  in. 

n  Number  of  threads  per  inch 

T0  Torque,  lb-in. 
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Og i  Circumferential  stress,  psi 
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Pi  Internal  pressure,  psi 

PQ  External  pressure,  psi 

r  Location  of  stress,  in. 

A  Fg  Radial  seal  load  increment  contributed  by  seal  disk,  lb/in. 
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DEVELOPMENT  OF  AFRPL  FLANGED  CONNECTORS 
FOR  ROCKET  FLUID  SYSTEMS 

by 

T.  M.  Trainer,  J.  V.  Baum,  J.  R.  Thompson, 
andN.  D.  Ghadiali 


I 

INTRODUCTION 


In  April,  1962,  the  Air  Force  Rocket  Propulsion  Laboratory  initiated  a  program 
at  Battelle's  Columbus  Laboratories  to  develop  a  family  of  separable  fluid  connectors 
capable  of  meeting  the  stringent  requirements  of  present  and  future  rocket  propulsion 
systems.  The  primary  objective  of  this  program,  Contract  AF  04(6 1 1 )- 8 176,  was  to 
design  and  evaluate  lightweight  mechanical  connectors  that  could  successfully  seal 
helium  to  2  x  10-7  atm  cc/sec  in  missile- system  environments.  As  a  result  of  this 
program,  connector  design  criteria  were  established,  a  unique  Bobbin  seal  was  con¬ 
ceived,  and  a  threaded  connector  incorporating  the  Bobbin  seal,  for  tubing  sizes  up  to 
1  inch,  was  designed  and  its  feasibility  demonstrated.  This  work  is  described  in 
Technical  Documentary  Report  No.  RTD-TDR- 63- 1 1 1 5,  dated  December  1963 
(AD  426290). 

A  subsequent  program,  Contract  AF  04(6 1 1  )-9578,  was  initiated  in  December 
1963,  to  design  families  of  threaded-type  tube  connectors  and  to  demonstrate  their 
ability  to  meet  the  extreme  requirements  of  missile  fluid  systems.  Elbows,  tees, 
crosses,  and  unions  made  from  Type  347  stainless  steel,  Rene  41,  and  6061-T6  alu¬ 
minum  were  designed  for  standard  tubing  sizes  ranging  from  1/8  to  1  inch,  and  limited 
qualification  tests  were  performed  with  selected  connector  configurations  for  3/8-  and 
3/4- inch  tubing  systems.  Preliminary  MS  standards  and  specifications  were  prepared 
for  selected  sizes  of  4000-psi  stainless  steel  connectors  and  1000-  and  750-psi  alumi¬ 
num  connectors.  This  effort  is  described  in  Technical  Documentary  Report  No. 
AFRPL-TR-65-  162,  dated  November  1965  (AD  474789). 

Two  concurrent  efforts  were  then  initiated.  In  one  effort,  the  Air  Force  Rocket 
Propulsion  Laboratory  reviewed  the  preliminary  standards  and  specifications,  pur¬ 
chased  a  number  of  4000-psi  stainless  steel  connectors,  conducted  qualification  tests 
with  many  of  the  connectors,  provided  connectors  to  various  facilities  for  evaluation, 
published  MS  standards  and  specifications,  and  conducted  tests  directed  toward 
improving  the  sealing  reliability  of  3/4-  and  1-inch  stainless  steel  connectors. 
Concurrently,  a  three-phase  program  was  conducted  by  Batte lie -Columbus  under 
Contract  AF  04(6 1 1 )- 1 1204.  Under  Phase  I,  a  number  of  procedures  were  investigated 
for  achieving  a  softer  sealing  surface  on  6061-T6  aluminum  seals,  and  an  overaging 
process  was  selected  as  being  ideal  for  aluminum  seals  of  all  sizeB.  The  Battellc 
work  is  described  in  Technical  Documentary  Report  No.  AFRPL- TR- 67- 1 91 ,  dated 
July  1967  (AD  817843). 


•MS  Standards  and  Specifications  and  references  are  given  on  page  194 
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Phase  II,  the  major  effort  of  Contract  AF  04(6 1 1 )- 1 1 204,  was  directed  toward 
the  'evelopment  of  flight- weight  stainless  steel  and  aluminum  flanged-type  separable 
connectors  utilizing  the  Bobbin  seal  for  tubing  diameters  from  1  through  16  inches. 

The  activities  included  the  investigation  of  promising  types  of  flanged  connectors;  the 
design,  fabrication,  and  qualification  testing  of  selected  connectors;  and  the  preparation 
of  specifications  for  families  of  stainless  steel  and  aluminum  connectors.  Phase  III 
included  support  for  the  work  at  the  Rocket  Propulsion  Laboratory  on  threaded  con¬ 
nectors,  and  the  development  of  a  modified  threaded-connector  configuration  to  pro¬ 
vide  seal  retention  and  a  limitation  to  the  degree  of  misalignment  that  can  be  imparted 
to  the  connector  during  assembly.  This  report  describes  the  work  on  Phases  11  and  III 
under  the  following  major  headings: 

FLANGED- CONNECTOR  DESIGN 
FLANGED- CONNECTOR  EVALUATION 
FLANGED- CONNECTOR  SPECIFICATIONS 
THREADED- CONNECTOR  SUPPORT 


II 


FLANGED-CONNECTOR  DESIGN 


The  flanged-cormector-design  work  consisted  of  four  major  efforts:  (1)  the  devel¬ 
opment  of  Bobbin  seals  for  tubing  sizes  from  1  through  16  inches,  (2)  the  investigation  of 
flanged-connector-design  criteria,  (3)  the  development  of  a  flanged-connector-design 
procedure,  and  {4)  the  design  of  representative  connectors. 


Design  Requirements 


As  defined  by  the  work  statement,  flanged  connectors  were  to  be  designed  for  the 
following  service  ranges: 


Size,  inches 
1  to  3 
1  to  3 
1  to  16 
1  to  16 


Pressure,  pai 
0  to  6000 
0  to  4000 
0  to  1500 
0  to  1500 


Temperature,  F 
-423  to  200 
-423  to  600 
-423  to  200 
0  to  1200 


The  flanged  connectors  were  to  be  designed  for  a  5-year  storage  requirement  and 
for  service  with  the  following  fluids: 

Fuels 


Oxidizers 

n2o4 

h2o2 

cif3 

F2 

RFNA 

Compound  '‘A" 


N2H4 

UDMH 

UDMH/NH  (50/50) 
MAF 
MHF 
MMH 

H2 


_ _  Gases _ 

Helium 
Nitrogen 
Hot  gas  from  bi- 
propellant-,  mono¬ 
propellant-,  and 
solid-propelli.nt 
gas  generator 


On  the  basis  of  the  work  with  threaded  connectors  and  the  consideration  of  the 
tubing  systems  generally  used  in  rocket  propulsion  systems,  it  was  mutually  agreed 
and  specified  in  the  contract  work  statement  that  the  tubing  materials  of  primary  interest 
to  the  program  were  6061-T6  aluminum  and  Type  347  stainless  steel. 
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Development  of  Bobbin  Seals  for 
Large-Diameter  Tubing 


At  the  beginning  of  the  program,  a  study  was  made  to  determine  the  best  plating 
for  stainless  steel  seals.  Tentative  dimensions  for  stainless  steel  and  aluminum  Bobbin 
seals  were  then  established  for  typical  large  tubing  sizes,  on  the  basis  of  the  design 
criteria  developed  previously  for  threaded  connector  seals.  Seals  of  these  dimensions 
were  fabricated  and  tested,  and  seal-design  formulas  were  developed  for  inclusion  in 
the  flange-connector-design  computer  program.  The  formulas  were  subsequently  modi¬ 
fied  as  a  consequence  of  the  qualification  testing. 


Sealing  Principles  of  the  Bobbin  Seal 

Figure  i  shows  the  configuration  of  a  typical  Bobbin  seal  and  the  four  major  stages 
of  seal  installation.  First,  the  seal  is  positioned  in  the  flange  seal  cavity.  As  the  flange 
members  are  moved  closer  together,  contact  between  the  seal  and  the  flanges  is  estab¬ 
lished  at  the  edges  of  the  seal  disks.  An  increase  in  the  axial  force  on  the  flanges  causes 
the  Bellevillc-type  disks  to  rotate  at  the  disk  root  radii  and  to  take  up  the  diametral 
clearance.  Further  deflection  of  the  disks  causes  an  interference  fit  at  the  sealing  sur¬ 
faces  on  the  circumference  of  the  seal  disks,  and  as  the  deflection  increases,  the  contact 
force  on  the  sealing  surfaces  exceeds  the  compressive  yield  strength  of  the  seal  mate¬ 
rial  and  the  ID  of  the  seal  becomes  smaller.  When  the  seal  is  fully  assembled,  the 
flanges  bear  against  r.he  seal  tang,  and  continued  application  of  the  axial  force  needed  for 
preloading  is  transmitted  through  the  short  cylindrical  tang. 


\  r  Sea  ling  surface 


pSeal  tang 


a. 


c. 


d. 


FIGURE  1.  FOUR  STAGES  OF  BOBBIN  SEAL  ASSEMBLY 
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Low  helium  leakage  can  be  achieved  reliably  in  a  metal-to-metal  seal  only  if  plas¬ 
tic  deformation  is  attained  at  the  sealing  interface.  The  disks  of  the  Bobbin  seal  provide 
mechanical-force  magnification  to  create  a.  sufficient  sealing  stress  to  achieve  plastic 
deformation  at  the  interface  while  keeping  the  axial  seal  seating  force  to  a  minimum. 
Consequently  a  minimum-weight  connector  or  housing  can  be  obtained.  The  seal  tang 
serves  four  important  functions:  (1)  it  resists  the  radial  sealing  force  until  the  proper 
contact  stress  is  established  at  the  radial  sealing  interface;  (2)  it  yields  owing  to  the 
radial  sealing  force  after  the  proper  contact  stress  is  reached,  and,  by  yielding,  main¬ 
tains  a  relatively  constant  sealing  contact  stress  as  the  flanges  are  brought  into  contact 
with  the  tang;  (3)  it  facilitates  the  independent  deflection  and  yielding  of  each  seal  disk, 
which  may  not  occur  simultaneously  owing  to  vari  itions  in  diametral  clearance;  and 
(4)  it  provides  a  loading  path  so  that  the  connector  is  preloaded  independently  of  the  radial 
sealing  force,  and  the  force  on  the  sealing  surfaces  is  unaffected  by  changes  in  the  ex¬ 
ternal  loads  on  the  connector. 


Corrosion  Compatibility  of  Seal 
Plating  Materials 

The  yield  strength  of  the  surface  of  the  circumference  of  the  seal  disks  determines 
the  radial  sealing  force  that  must  be  developed.  If  possible,  the  basic  seal  material 
should  be  softer  than  the  flange  material,  thus  circumventing  the  cost  and  quality  control 
problems  associated  with  plating.  This  was  accomplished  for  6061-T6  aluminum  con¬ 
nectors  by  the  use  of  overaged  6061-T6  aluminum  for  the  Bobbin  seals.  However,  when 
both  the  seal  and  the  flange  materials  are  soft,  as  is  the  case  with  Type  347  stainless 
steel,  or  when  a  high-strength  seal  material  is  required,  plating  should  be  used  on  the 
seal. 


Although  soft  nickel  has  been  used  almost  exclusively  as  the  plating  material  for 
stainless  steel  during  the  development  of  the  AFRPL  threaded  and  flanged  connectors, 
nickel  is  not  compatible  with  all  missile  fluids.  Therefore,  as  a  part  of  this  program, 
a  study  was  made  to  determine  the  optimum  plating  materials  for  stainless  steel  Bobbin 
seals  for  all  typical  missile  fluid  systems,  and  to  consider  the  corrosion  problems  of  the 
two  structural  materials  of  interest  —  6061-T6  aluminum,  and  Type  347  stainless  steel. 

Table  lisa  list  of  candidate  plating  materials.  In  the  first  group  are  common 
materials  for  which  considerable  propellant-compatibility  data  exist.  The  second  group 
comprises  the  precious  metals  for  which  some  compatibility  data  exist.  The  third  group 
consists  of  exotic  metals  for  which  little  or  no  compatibility  data  exist. 
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TABLE  1.  CANDIDATE  METALS  FOR  PLATING  STAINLESS 
STEEL  BOBBIN  SEALS 


Metal 

Hardness 

Melting  Point,  F 

Nickel,  ann. 

Group  1 

64(*) 

2635 

Copper,  ann. 

40(a) 

1980 

Lead 

4(a) 

620 

Tin,  ann. 

7(a) 

450 

Gold,  ann. 

Group  2 

2500 

1945 

Silver,  ann. 

25-35(a) 

1760 

Platinum,  ann. 

38-52(a) 

3225 

Tantalum,  ann. 

150(b) 

5425 

Palladium,  ann. 

Group  3 

40(b) 

2825 

Rhodium,  ann. 

122(b) 

3560 

Cerium 

3l(b) 

1480 

Lanthanum 

51(b) 

1690 

Praseodymium 

45(b) 

1685 

(»)  Brlncll  Hardness  Number, 
(b)  Vickers  Hardness  Number. 


Preliminary  Plating  Selection.  The  following  conclusions  were  reached  during 
the  initial  stages  of  plating  evaluation  and  selection: 

(1)  Tin  appeared  to  be  the  only  metal  that  might  exhibit  reasonable  compatibility 

with  all  candidate  propellants.  However,  its  resistance  to  N2O4 ,  ,  and 

Fj  i*  questionable,  and  it  has  a  low  melting  point. 

(2)  Tantalum  appeared  to  have  excellent  compatibility  with  all  fuels  and  oxidizers 
except  fluorine-containing  oxidizers,  but  plating  experience  with  tantalum  is 
very  limited. 

(3)  Copper,  nickel,  lead,  and  silver  show  poor  compatibility  with  some  of  the 
candidate  propellants.  Only  copper  and  nickel  have  outstanding  compatibility 
in  some  propellants,  and  nickel  is  preferred  over  copper. 

(4)  Gold  and  platinum  have  good  resistance  to  several  fluids. 

(5)  The  plating  materials  selected  on  the  basis  of  the  preliminary  studies  were: 
gold,  platinum,  and  nickel. 
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Corrosion  Resistance  f  Candidate  Materials  to  Fluids.  The  corrosion  ratings  for 
the  tentatively  selected  plati  materials  and  for  the  materials  of  construction  are  given 
in  Table  2,  The  fluids  are  separated  ingroups:  oxidizers,  propellants,  and  products  of 
combustion.  Specific  compatibility  data  were  not  available  for  all  metals  exposed  to  all 
of  the  media  in  each  temperature  range.  In  some  instances,  the  ratings  in  Table  2  are 
based  on  the  performance  of  similar  alloys,  or  the  performance  of  the  alloy  in  similar 
media.  A  combination  of  metal  and  environment  is  listed  as  questionable  when  insuffi¬ 
cient  data  are  available  from  which  to  make  a  good  estimate  or  when  there  are  discrep¬ 
ancies  in  the  available  data. 

Nickel  is  suitable  for  chlorine  and  fluorine-containing  media  in  the  medium  and 
upper  temperature  ranges,  and  for  two  of  the  hydrazine  propellants.  Nickel  is  not  com¬ 
patible  with  H2O2  RFNA,  and  it  is  not  compatible  with  the  nitric  acid  formed  in  water- 
contaminated  N2O4.  Gold  is  compatible  with  RFNA  and  N2O4.  However,  no  candidate 
plating  material  is  compatible  with  H2O2  ,  and  all  plating  materials  are  questionable  for 
N2H4 ,  MMH,  MAF,  and  MHF. 

Aluminum  (6061-T6)  is  compatible  with  all  the  fluids  except  HC1  and  possibly  HF 
which  are  products  of  combustion.  Use  of  aluminum  is  limited  to  200  F  systems.  The 
compatibility  of  Type  347  stainless  steel  with  most  of  the  environments  being  considered 
is  excellent.  In  the  temperature  range  up  to  200  F  there  exists  a  susceptibility  to  stress- 
corrosion  cracking  in  environments  containing  chlorides.  In  the  temperature  range  up 
to  600  F,  stainless  steel  can  handle  the  fluorine -containing  luels,  but  at  higher  tempera¬ 
tures  these  fluids  are  expected  to  cause  rapid  attack.  However,  since  the  connectors 
will  be  subjected  to  the  medium  and  higher  temperatures  for  only  limited  periods,  the 
use  of  stainless  steel  should  be  satisfactory  even  at  1200  F. 


Galvanic  Attack.  The  problem  of  galvanic  attack  is  particularly  important  because 
of  the  5-year  storage  requirement.  Various  combinations  of  coatings  and  materials  of 
construction  were  considered.  In  general,  the  use  of  aluminum  seals  in  a  stainless  steel 
connector  or  of  nonaluminum  seals  in  an  aluminum  connector  should  be  avoided  because 
the  galvanic  couple  will  accelerate  the  corrosion  of  the  aluminum.  Of  course,  this  is 
true  only  with  those  fluids  that  will  serve  as  an  electrolyte. 

The  galvanic  couple  created  by  Type  347  stainless  steel  in  contact  with  nickel  is 
not  considered  to  be  a  significant  factor  affecting  the  5-year-storage  requirement.  There 
is  some  doubt  about  the  gold- stainless  steel  combination,  although  this  combination  should 
also  be  acceptable  with  fluids  that  do  not  act  as  electrolytes. 


Conclusions.  On  the  basis  of  the  work  conducted,  it  was  concluded  that  nickel 
should  be  used  if  possible.  Gold  should  be  used  when  nickel  is  questionable  and  gold  is 
acceptable.  For  those  applications  where  neither  plating  is  satisfactory,  it  will  be  ne¬ 
cessary  to  use  unplated  stainless  steel  seals;  this  will  result  in  some  reduction  in  sealing 
reliability. 


Preliminary  Design  of  Large-Diameter  Seals 

The  design  of  large-diameter  Bobbin  seals  began  with  the  consideration  of  Bobbin 
seal  parameters  based  on  work  with  threaded-connector  seals.  These  parameters 
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AND  MATERIALS  OF  CONSTRUCTION  WITH  VARIOUS  FLUID  MEDIA 
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(a)  The  nitric  acid  formed  by  water  contamination  of  N2O4  i*  corrosive  to  nickel. 


included  (see  Figure  1)  the  disk  root  radii,  the  sealing  interface,  the  disk  proportions, 
the  initial  and  final  angles  of  the  seal  disks,  and  the  seal  tang  dimensions. 


Disk  Root  Radii.  During  the  previous  two  contracts,  two  types  of  problems  were 
encountered  at  the  roots  of  the  seal  disks.  For  certain  combinations  of  disk  thickness 
and  tang  strength,  the  compressive  load  on  the  seal  disks  was  stiff icient  to  cause  a  slight 
bulging  of  material  at  the  root  of  the  seal  disks  as  the  disks  were  rotated  during  seal 
assembly.  This  bulging,  which  was  noticed  primarily  with  aluminum  seals,  prevented 
proper  mating  of  the  flanges  with  the  seal  tang  for  preloading.  As  summarized  in  Tech-* 
nical  Documentary  Report  No.  AFRPL-TR-67-191,  this  problem  was  solved  for  small- 
diameter  aluminum  seals  by  offsetting  the  seal  disks  slightly  inward  from  the  edges  of 
the  tang.  This  is  illustrated  in  Figure  2.  It  was  decided  that  this  feature  would  be  used 
in  large  aluminum  and  stainless  steel  seals.  As  shown  in  Figure  2,  this  offset  required 
a  second  radius  at  the  root  of  each  seal  disk. 


FIGURE  2.  SELECTED  MODIFICATIONS  FOR  SEAL  DISK  ROOTS 


Another  problem  noted  in  the  earlier  work  was  the  cracking  of  material  at  the  in¬ 
side  corners  of  the  seal  disk  roots.  This  seemed  to  be  associated  with  the  sharpness  of 
the  inside  root  radii,  and  the  problem  was  overcome  in  small-diameter  seals  by  making 
these  radii  larger,  as  shown  in  Figure  2.  This  approach  was  also  selected  for  inclusion 
in  the  large-diameter  seals. 


Sealing  Interface.  As  indicated  in  Figure  3,  the  initial  contact  at  the  seal  inter¬ 
face  occurs  at  the  edge  of  the  seal  disk  along  a  relatively  narrow  surface.  Moreover, 
because  of  the  rotation  of  the  sealing  disk,  Angle  B  diverges,  thus  tending  to  reduce  the 
contact  surface  even  .urther.  Ln  the  small-diameter  seals,  the  potential  problem  of  a 
narrow  sealing  surface  is  overcome  because  the  interacting  stresses  and  plastic- 
deformation  mechanism  in  these  seal  sizes  causes  the  edge  of  the  seal  disk  to  deform  in 
such  a  way  that  the  seal  surface  width  is  increased.  Figure  4  shows  a  typical  seal  inter¬ 
face  for  small-diameter  seals.  The  deformation  mechanism  is  the  same  for  plated  and 
unplated  seals. 
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FIGURE  3 


SEAL  INTERFACE  AT  MOMENT  OF  CONTACT 


TYPICAL  SEAL  INTERFACE  FOR 
SMALL-DIAMETER  SEALS 
10 


FIGURE  4. 


Because  it  was  expected  that  the  diska  of  large-diameter  seals  would  be  designed 
to  provide  the  came  radial  force  per  inch  of  seal  circumference  as  the  small  seals,  the 
cross  sections  of  the  disks  were  expect*  d  to  be  similar,  and  it  was  believed  that  the 
large  seal  disks  would  deform  in  a  manner  similar  to  that  of  the  disks  of  the  small- 
diameter  seals.  However,  during  the  preparation  of  the  proposal  for  this  contract,  it 
was  found  that  the  disks  of  tentative  6-inch  seals  did  not  deform  at  the  edges,  and  a  very 
narrow  sealing  surface  resulted.  This  action  was  confirmed  during  Phase  II  of  this  pro¬ 
gram  by  the  fabrication  and  assembly  of  tentative  3-inch  stainless  steel  seals.  Although 
the  reason  for  this  change  in  seal  disk  deformation  was  not  known,  it  was  assumed  to  be 
characteristic  of  large -diameter  seals  and  was  believed  to  be  associated  with  the  radius 
of  curvature  of  the  seal  disks. 

Two  means  were  considered  for  achieving  an  increase  in  seal  width  for  large- 
diameter  seals.  The  first,  an  increase  in  radial  force  per  inch  of  seal  circumference, 
produced  no  significant  change  in  seal  disk  deformation.  The  second  is  illustrated  in 
Figure  5.  Geometric  analysis  showed  that  the  seal  disk  rotated  approximately  6  degrees 
while  the  diametral  clearance  was  being  overcome.  It  was  hypothesized  that  if  the  even¬ 
tual  sealing  surface  on  each  seal  disk  were  machined  with  a  reverse  angle  of  8  to  10  de¬ 
grees  as  shown  in  Figure  5a,  the  flange  and  seal  disk  sealing  surfaces  at  the  moment  of 
initial  contact  would  be  similar  to  that  shown  in  Figure  5b.  As  assembly  of  the  seal  was 
continued,  it  was  believed  that  the  angle  between  the  sealing  surfaces  would  decrease  to 
approximately  0  degrees,  and  that  the  high  radial  sealing  force  during  the  final  stages  of 
assembly  would  be  sufficient  to  maintain  seal  contact  across  the  entire  disk  sealing 
surface. 


a.  Disk  Sealing  Surface  o*  Mochmsd  b  Ssokng  Surfacs*  at  Initial  Contoct 

tU3l 


FIGURE  5.  MODIFICATION  OF  DISK  SEALING  SURFACE 
(See  Figure  3  for  initial  configuration.  ) 

Stainless  steel  seals  were  fabricated  according  to  the  preliminary  3-inch  design 
shown  in  Figure  6.  Examinations  of  cross  sections  of  assembled  seals  (Figure  7) 
showed  that  the  seal  interface  was  approximately  0.  017  inch  and  that  no  crack’rg 
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FIGURES.  PRELIMINAf.  ASSIGN  OP  3  INCH  SEAL 
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b.  Sealing  Surface  2 

FIGURE  1.  PHOTOMICROGRAPHS  OP  SEALING  INTERFACE  OF  PRELIMINARY  3-INCH  SEAL 
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occurred  at  the  inner  disk  root  radii.  The  results  were  sufficiently  conclusive  to  war¬ 
rant  incorporation  of  the  reverse-angle  feature  for  large -diameter  seals. 

As  described  in  Technical  Documentary  Report  No,  AFRPL-TR-67- 191,  the 
reverse-angle  feature  was  investigated  as  a  means  of  possible  improvement  of  the  seal¬ 
ing  action  of  small -diameter  aluminum  seals.  Since  no  change  in  seal  interface  or  seal¬ 
ing  action  could  be  observed,  it  was  decided  to  omit  this  extra  machining  operation  for 
seals  for  threaded  connectors.  However,  the  reverse-angle  feature  proved  to  be  effec¬ 
tive  in  helping  to  achieve  satisfactory  assembly  of  misaligned  flanged  connectors.  Thus, 
if  the  misalignment-limitation  feature  developed  during  Phase  III  of  this  program  and 
described  in  this  report  is  not  sufficient  to  prevent  misalignment  problems,  the  reverse- 
angle  feature  might  still  be  desirable  for  seals  for  threaded  connectors. 

Disk  Proportions  and  Initial  and  Final  Disk  Angles.  The  selection  of  the  propor¬ 
tions  and  of  the  initial  and  final  angles  for  the  seal  disks  is  determined  by  a  number  of 
factors;  the  most  important  are  the  available  axial  force,  the  manufacturing  tolerances 
to  be  accommodated,  and  the  deformation  characteristics  of  the  metal.  For  the  larger 
threaded  connector  seals,  it  was  found  that  desirable  values  for  the  disk  dimensions 
were;  (1)  initial  disk  angle,  30  degrees,  (2)  final  disk  angle,  10  degrees,  (3)  seal  disk 
thickness,  0,027  inch,  and  (4)  seal  disk  length,  0.090  inch.  Although  no  change  in  radial 
force  per  inch  of  seal  circumference  was  anticipated  for  the  large -diameter  seals,  it 
was  realized  that  the  larger  machining  tolerances  associated  with  the  la~ger  diameters 
required  additional  consideration  of  the  disk  proportions  ~ nd  angles. 

Consideration  of  the  initial  disk  angle  led  to  the  conclusion  that  an  increase  from 
30  to  35  degrees  would  be  desirable  for  the  large -diameter  seals.  The  35  degrees  was 
not  believed  to  be  too  steep  to  prevent  proper  toggling  action  of  the  seal  disks  during 
assembly,  and  a  20-degree  rotation  from  35  degrees  would  provide  a  33  percent  greater 
diametral  change  than  would  a  20-degree  rotation  from  30  degrees.  While  this  change 
in  initial  seal  disk  angle  would  increase  the  axial  force  required  to  seat  the  seal,  the 
seal  seating  force  needed  in  large -diameter  connectors  was  estimated  to  be  much  less 
than  the  preload  force  needed  to  resist  pressure  and  structural  loading.  (In  contrast, 
for  the  smaller  threaded  connectors,  the  seal  seating  force  was  a  significant  percent 
of  the  required  preload.  )  Satisfactory  assembly  was  achieved  with  the  35-degree  initial 
angle  on  the  3-inch  seal  design  shown  in  Figure  6. 

Although  the  best  length  of  seal  disk  was  difficult  to  estimate,  it  was  apparent 
that  the  0.  027-inch  thickness  used  on  the  small-diameter  seals  would  be  difficult  to 
machine  in  large  diameters.  Consequently,  the  disk  thickness  was  increased  to  0.  040 
inch.  On  the  basis  of  general  disk  proportions  and  machining  tolerances,  the  following 
approximate  disk  lengths  were  selected:  (1)  0.  165  inch  for  tubing  through  9  inches  in 
diameter,  (2)  0.  230  inch  for  tubing  through  12  inches  in  diameter,  and  (3)  0.  305  inch 
for  tubing  through  16  inches  in  diameter.  As  described  later,  these  dimensions  were 
subsequently  revised  as  a  result  of  the  qualification  tests. 

Seal  Tang  Dimensions.  As  described  in  Technical  Documentary  Report  No. 
AFRPL-TR-65- 162,  the  deformation  mechanism  of  the  Bobbin  seal  is  a  complex  com¬ 
bination  of  elastic  and  plastic  strains  in  the  axial  as  well  *s  the  radial  direction.  Be¬ 
cause  the  development  of  an  accurate  theoretical  strain  analysis  would  have  been  very 
costly,  the  design  of  threaded  connector  seals  wa&  based  on  a  combination  of  theoretical 
and  experiment*.’  information.  It  was  decided  that  the  same  method  would  be  used  to 
establish  tang  dimensions  for  the  large -diamete r  seals. 
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The  design  approach  used  for  the  threaded-  and  flanged-connector  seal  tangs  be¬ 
gan  with  the  following  steps: 

(1)  The  radial  sealing  for  e  per  inch  of  seal  disk  circumference,  Fg, 
was  selected  as  600  lb/in,  (a  discussion  of  this  value  is  given  on 
page  165). 

(2)  The  radial  force  per  inch  of  outside  seal  tang  circumference,  Ff, 
at  the  root  of  each  seal  disk  due  to  Fg  varies  as  a  ratio  of  seal  disk 
outside  diameter,  D0,  to  seal  tang  outside  diameter,  De,  viz,  , 

F  =  F  D  /D  .  (1) 

T  S  o  e 

(3)  The  radial  force  per  inch  of  seal  tang  outside  circumference  from 
the  two  seal  disks,  2F>j>,  can  be  equated  to  a  pressure,  P^,  on  the 
outside  circumference  of  the  seal  tang  (this  assumes  that  the  effect 
of  the  two  disk  forces  is  distributed  evenly  across  the  short  seal 
tang  length) 

PT  =  2VT-  ’  (2) 

where  L  =  seal  tang  length. 

(4)  The  pressure  needed  to  produce  a  totally  plastic  state  in  the  seal 
tang^  is 

PT  *  -7TSy  C  ln  ,De/Dl)  ‘  2VL  '  <3) 

where 

Sy  =  seal  material  yield  stress,  psi 
C  =  0.  72  [from  calculations  by  Beliaev  and  Simtskii^3)  ] 

=  seal  tang  inside  diameter,  in. 

De  =  seal  tang  outside  diameter,  in. 

Thus,  for  a  given  inside  or  outside  tang  diameter  and  a  given  seal  material  yield 
strength,  Equation  (3)  can  be  used  to  establish  a  number  of  seal  tang  dimensions  that 
will  produce  the  desired  radial  force  per  inch  on  the  outside  circumference  of  the  seal 
tang. 


The  tang  of  the  3-inch  seal  shown  in  Figure  6  was  established  by  using  Equation  (3) 
and  by  selecting  the  tang  inside  diameter  to  be  approximately  the  same  as  the  inside 
diameter  for  heavy  wall  tubing.  Examination  of  the  microsections ,  shown  in  Figure  7, 
showed  that  the  nickel  plating  was  less  deformed  t  an  expected.  However,  it  was 
decided  that  this  basis  of  calculation  should  be  used  until  more  experimental  data  could 
be  obtained. 

Because  it  was  not  clear  whether  the  optimum  seal  width  of  0.  020  inch  (see 
page  165)  could  be  achieved  in  the  large -diameter  seals,  tentative  tang  dimensions  were 
calculated  for  two  widths  of  sealing  surfaces,  0.015  and  0.020  inch.  Also,  in 
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anticipation  that:  a  higher  strength  manorial  might  be  required  to  keep  the  large -diameter 
seala  sufficiently  small  in  cm#  wectjon,  tang  dimensions  were  calculated  for  three 
typical  yield  stress  levels  of  candidate  seal  materials.  The  results  of  these  calculations 
for  three  typical  seal  sizes  are  shown  iri  Table  3. 

TABLE  3.  TENTATIVE  TANG  DIMENSIONS  FOR  THREE  TYPICAL  PEAL  SIZES 


Yield  Strength 
of  Seal 
Material, 

S  y>  'pS  i 

Width  of 
Sealing  Sur¬ 
face,  in. 

Tar.g  Inside 
Diameter , 
Di(  in. 

Tang  Outside 
Diameter, 
De,  in. 

Seal  Disk 
Outside 
Diameter, 
D0,  in. 

Tang 

Length, 

L,  in. 

30, 000 

0.  020 

1. 800 

2.230 

2.  500 

0.  120 

3.  585 

4.  430 

4.  700 

0.410 

7.450 

8.  730 

9.  000 

0.690 

0,  015 

1. 000 

2.  230 

2.  500 

0.  165 

3.  800 

4.430 

4.  700 

0.  305 

7.745 

8.  730 

9.  000 

0.  525 

60,  000 

0.  020 

2.  000 

2.230 

2.  500 

0.  110 

4.  000 

4.430 

4.700 

0.215 

8.070 

8.730 

9.  000 

0.  330 

0.  015 

2.  060 

2.230 

2.  500 

0.  085 

4.  100 

4.430 

4.  700 

0.  165 

8.230 

8.  730 

9.  000 

0.  255 

90, 000 

0.  020 

2.065 

2.230 

2.  500 

0.  083 

4.  140 

4.430 

4.700 

0.  145 

8.275 

8.  730 

9.  000 

0.228 

0.  015 

2.115 

2.230 

2.  500 

0.  058 

4.200 

4.430 

4.700 

0.  115 

8.  395 

8.730 

9.  000 

0.  168 

In  addition,  the  graphs  shown  in  Figures  8  and  9  were  prepared  using  the  above 
mathematical  analysis.  From  Figure  8  it  can  be  seen  that  for  a  small  tang  length,  the 
use  of  &  material  with  a  yield  strength  of  60,  000  to  90,  000  psi  will  greatly  reduce  the 
size  and  weight  of  the  larger  seals  and  the  size  and  weight  of  the  larger  connectors.  It 
can  be  seen  from  Figure  9  that  an  increase  in  seal  tang  length  results  in  a  reduction  in 
the  outside  diameter  of  the  seal,  thus  reducing  the  diameter  and  weight  of  the  connector. 
However,  the  weight  of  the  seal  remains  high  if  a  material  yield  strength  of  30,  000  psi 
is  used.  Further,  if  the  L/t  ratio  for  the  tang  is  too  great,  the  assumption  that  the 
radial  disk  forces  can  be  equated  to  a  uniform  external  pressure  on  the  tang  is  no  longer 
valid.  A  judgmental  compromise  between  a  reduction  in  tang  thickness  and  a  limitation 
on  tang  length  was  approximated  by  the  expression: 

L=K(tDi)l/Z,  (4) 
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whe  re 


L  =  tang  length,  in. 

K  =  0.  250 

t  =  tang  thickness,  in. 

Dj  =  inside  tang  diameter,  in. 

Equations  (3)  and  (4)  form  a  set  of  simultaneous  equations  which  can  be  solved 
through  iteration  on  a  digital  computer.  The  tang  calculations  for  typical  yield- strength 
values  are  shown  in  Table  4. 

As  the  program  developed,  it  became  increasingly  obvious  that  the  seal  tang  would 
often  have  to  be  aa  long  as  possible  to  achieve  the  lightest  connector.  The  reduction  in 
iang  thickness  as  a  function  of  an  increase  in  tang  length  was  computed  by  increasing  K 
in  Equation  4.  These  data  are  shown  in  Table  5.  To  investigate  the  practical  limits  of 
seal  tang  length,  seals  were  fabricated  from  overaged  aluminum  and  from  Type  304 
stainless  steel  for  the  2-  and  4-inch  sizes  with  various  L/t  ratios.  Assembly  data  for 
these  seals  are  given  in  Table  6. 

Examination  of  the  microsections  of  the  stainless  steel  seals  showed  that  bowing 
of  the  tang  was  negligible  at  an  L/t  ratio  of  less  than  2.  5  for  2-inch  Beals  and  3.  5  for 
4-inch  seals.  Typical  cross  sections  are  shown  in  Figures  10,  11,  and  12.  The  bowing 
in  the  2-inch  seal  even  at  an  L/t  ratio  of  3.80  was  not  too  great.  Although  the  aluminum 
seals  did  not  deform  uniformly  because  of  faulty  material,  it  was  apparent  that  an  L/t 
ratio  of  3.  50  would  be  satisfactory. 

On  the  basis  of  the  L/t  tests,  it  was  concluded  that  the  tang  could  be  designed  with 
a  maximum  L/t  ratio  of  3.  50  for  seal  sizes  at  least  as  large  as  4  inches,  and  probably 
larger.  However,  it  was  decided  that  a  tang  thickness  equal  to  the  tube  wall  thickness 
would  be  specified,  except  for  thin-wall  tubing  (low  pressure  systems)  and  for  L/t  ratios 
greater  than  3.  50. 


Evaluation  of  Preliminary 
Large -Diameter  Seals 

Preliminary,  representative  large -diameter  seals  were  evaluated  by  deformation 
and  leakage  tests  using  techniques  formulated  during  the  development  of  threaded- 
connector  seals. 

Deformation  Evaluation  of  2-  and  4-Inch-Diameter  Seals.  During  work  with  seals 
for  threaded  connectors,  it  was  found  that  the  sealing  capabilities  of  the  seals  could  be 
reasonably  estimated  by  means  of  the  maximum  axial  loads  needed  to  assemble  the 
seals,  and  by  examinations  of  cross  sections  of  the  seal  interface  (for  example,  see 
Figure  7).  Similar  studies  were  made  with  2-  and  4-inch  nickel-plated  austenitic  stain¬ 
less  steel  seals  with  dimensions  approximately  those  shown  for  a  material  yield  stress 
of  30,  000  psi  in  Table  3.  The  actual  tang  dimensions,  the  peak  axial  loads  required  to 
assemble  each  eeal,  and  the  calculated  minimum  force  per  inch  of  seal  circumference 
are  shown  in  Table  7. 
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TABLE  4.  COMPUTED  DIMENSIONS  OF  SEAL  TANGS  FOR  K  =  0.  25 
FOR  DIFFERENT  SEAL-MATERIAL  YIELD  STRENGTHS 
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I  ABLE  i.  COMPUTED  DIMENSIONS  OF  SEAL  TANGS  F  OR  D,  -  I  THROUGH 
H  INCHES  USING  DIFFERENT  VALUES  OF  K  iSv  JO.  000  PSD 


Dit  in. 

Dea  in. 

L,  in. 

K 
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”671 5fr 

0.2560“ 
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.0.2551 
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TABLE  6.  ASSEMBLY  DATA  FOR  STAINLESS  STEEL  AND  ALUMINUM 
SEALS  WITH  DIFFERENT  L/t  RATIOS 


Axial  Seating 


Seal  Site 
and 

Mate  rial 

Spec  imen 

Tang 

Thickness , 
t,  in. 

Tang 
Length , 

L,  in. 

L/t 

Ratio 

Axial 

Peak  1 

Force,  lb 
Peak  2 

Force  (Peak  1) 
pe  r  I  nch  of  Seal 
Circumference,  lb/in. 

2-in, 

1 

0.  229 

0.  215 

0.  939 

5,676 

6,000 

708 

aluminum 

2 

0.  199 

0.  239 

1. 201 

5, 496 

5,880 

688 

3 

0.  179 

0.  270 

1.  508 

5,  76  0 

5,  784 

720 

4 

0.  154 

0.  296 

1. 922 

5,  46  0 

5,  520 

682 

5 

0.  130 

O.  322 

2.  477 

5,  124 

5,488 

642 

6 

0.  102 

C.  352 

3.451 

4,  584 

4,872 

572 

4-in. 

7 

0.  306 

0.  332 

1. 084 

9,  960 

10,200 

702 

aluminum 

12 

0.  123 

0.  530 

4.  374 

7,  560 

8,400 

532 

2  -in. 

13 

0.  235 

0.  21  3 

0.  906 

7,  560 

_ 

932 

stainle** 

14 

0.  200 

0.  246 

1. 230 

7,  120 

7.  200 

880 

15 

0.  180 

0.  269 

1.494 

7, 475 

7,800 

922 

16 

0.  153 

0.  294 

l.  922 

7 , 080 

7,200 

872 

17 

0.  120 

0.  318 

2.484 

6,  730 

6,820 

830 

1A 

0.  098 

0.  378 

1.  857 

6, 240 

6,480 

770 

4  -in. 

19 

0.  268 

0.  330 

1.231 

1 1 , 000 

1 1, 500 

775 

•tainletf* 

20 

0.  230 

0.  380 

1. 6  52 

11,400 

1  1, 750 

803 

2  1 

0.  205 

0.414 

2.  020 

10, 750 

10,650 

758 

22 

0.  173 

0.  454 

2.6  24 

10, 250 

1 l ,600 

72  3 

23 

0.  1  38 

0.  494 

3.  580 

10, 000 

10,450 

704 

24 

0.  101 

0.  541 

5.  350 

9,  000 

9,200 

633 

19 


9A681 


FIGURE  10.  2 -INCH  STAINLESS  STEEL  SEAL 
L/t  -  3. 857 


9A684 


FIGURE  11.  4-INCH  STAINLESS  STEEL  SEAL 

L/t  =  3,  580 


9A685 

FIGURE  12.  4-INCH  STAINLESS  STEEL  SEAL 
L/t  ■  5.  35 
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TABLE  7.  DIMENSIONS  AND  MAXIMUM  AXIAL  ASSEMBLY  FORCES 
FOR  NICKEL-PLATED  STAINLESS  STEEL  SEALS 


Specimen 

Seal  Out¬ 
side,  Diam.  , 
DOJ  in. 

Tang  In¬ 
side  Diam.  , 
Di,  in. 

Tang  Thick¬ 
ness,  t,  in. 

Axirl  F^rce,  lb 
Peak  1  Peak  2 

Axial  Seating 
Force  (Peak  l)per 
Inch  of  Seal  Cir¬ 
cumference,  Ib/in. 

1 

2.  505 

1.920 

0.155 

5,225 

5,775 

734 

2 

2.  508 

1. 820 

0.205 

6,975 

7,725 

980 

3 

4.709 

4.020 

0.205 

8,250 

10,350 

700 

4 

4.709 

3.  820 

0.  305 

7,950 

10,000 

676 

5 

4.700 

3.622 

0.405 

10,800 

13,250 

897 

The  maximum  axial  forces  per  inch  of  seal  circumference  corresponded  well  with 
the  forces  required  on  threaded -connector  seals  to  seal  helium  to  10“^  atm  cc/sec. 
Examination  of  the  seal  Interfaces  for  the  different  specimens  led  to  the  following 
conclusions: 

(1)  Except  for  Specimen  1,  all  seals  had  a  seal  interface  width  close 
to  0.  020  inch  (all  specimens  had  a  sealing  surface  machined  on  a 
10-degree  reverse  angle  on  each  seal  disk). 

(2)  A  higher  force  per  inch  of  seal  circumfer>  nee  resulted  in 
Specimen  2  having  a  better  seal  interface  than  Specimen  1. 

(3)  A  higher  force  per  inch  of  seal  circumference  resulted  in 
Specimen  5  having  a  better  seal  interface  than  Specimens  3  and  4. 

Leakage  Evaluation  of  2-,  4-,  8-,  12-,  and  16 -Inch -Diameter  Seals.  Because  of 
the  promising  results  of  the  deformation  tests  with  the  2-  and  4-inch-diameter  seals,  the 
decision  was  made  to  conduct  leakage  tests  with  representative  seals.  Overaged 
aluminum  was  selected  as  the  seal  material  for  major  use  because  it  xg  easily  machined, 
it  requires  no  plating,  and  its  sealing  action  is  believed  to  be  similar  to  that  of  nickel- 
plated  stainless  steel.  The  dimensions  for  4-,  8-,  12-,  and  16 -inch -diameter  seals  and 
the  seal  seating  forces  are  given  in  Table  8. 

The  peak  seal  seating  forces  per  inch  of  seal  circumference  were  almost  50  percent 
greater  than  the  average  450  lb/in.  of  seal  circumference  achieved  for  aluminum  seals 
for  threaded  connectors.  Unfortunately,  the  construction  of  the  leakage  test  fixture  did 
not  provide  for  adequate  restraint  of  the  deflection  of  the  fixture  because  of  pressure  end 
loads.  However,  on  the  basis  of  the  adequate  sealing  of  the  seals  up  to  the  different 
pressures  (2000  psi  maximum)  at  which  deflection  caused  leakage,  it  was  concluded  that 
the  seals  were  satisfactory.  It  was  also  decided  that  the  higher  axial  force  per  inch  of 
seal  circumference  (750  Ib/in.  )  would  be  retained  for  the  aluminum  seals  for  flanged 
connectors . 


TABLE  8.  DIMENSIONS  OF  ALUMINUM  SEALS  FOR  LEAKAGE  TESTS 


Axial  Force  per 
Inch  of  Seal 


Tube 

Diameter 

,  +  .  000 

A  -  .002 

„  +  .  0:70 

8  - .002 

_  ♦  .002 
-  .000 

I)  *  .002 

£ 

F  *  .002 

Peak  Axial 
Force,  lb 

Circumference, 

lb/in. 

4 

4.708 

4.440 

3.760 

0.040 

0.480 

0.290 

9,050 

612 

8 

9.008 

8,740 

7.900 

0.040 

0.660 

0.470 

14,750 

522 

12 

11.998 

11.625 

10.685 

0.060 

0.830 

0.670 

29,300 

778 

16 

16.998 

15.500 

14.326 

0.060 

0.958 

0.608 

35,600 

708 

Note:  All  dlmeniions  in  inchcr. 

Because  soft  nickel  plating  has  approximately  one -third  the  yield  strength  of 
aluminum,  and  because  nickel-plated  stainless  steel  seals  were  apparently  performing 
satisfactorily  in  threaded  connectors  with  a  design  axial  seal  seating  force  of  6u)  lb/in, 
of  seal  circumference,  a  design  value  of  750  lb/in„  of  seal  circumference  was  also 
selected  for  stainless  steel  seals  for  flanged  connectors.  A  2-inch  nickel •  plated  stain¬ 
less  steel  seal  with  a  measured  peak  axial  seal  seating  force  of  768  lb/in.  of  seal  cir¬ 
cumference  gave  a  leak  rate  of  6.6  x  19-9  atm  cc/sec  with  a  helium  pressure  of 
2000  psi. 

Determination  of  Minimum  Seal  Load.  The  design  of  the  Bobbin  seal  substantially 
separates  the  axial  preload  from  the  radial  sealing  load.  However,  some  residual  axial 
load  is  required  and  teste  were  conducted  with  aluminum  seals  to  determine  the  reduction 
in  axial  seal  load  that  could  be  tolerated  without  excessive  seal  leakage.  Representative 
overegid  6061  aluminum  seals  were  assembled  and  pressurized  with  helium  at  2000  psi. 
<n  initial  preload  equal  to  the  pressure  end  load  plus  one -half  the  seal  seating  load  was 
applied.  Once  a  leakage  rate  (Column  4  in  Table  9)  was  established,  the  applied  external 
load  was  decreased  in  increments  until  the  leakage  rate  exceeded  she  allowable  limit. 

The  difference  between  the  threshold  load  (Column  5)  and  the  pressure  end  load  was  the 
minimum  axial  seal  load. 

For  the  2-inch  seal,  the  minimum  axial  seal  load  was  31  percent  of  the  seal  seating 
load,  whereas  for  the  6-  and  8-inch  seals,  the  minimum  loads  were  45  and  41  percent, 
respectively.  In  the  case  of  the  4 -inch  seal,  the  external  load  was  actually  less  than  the 
pressure  end  load  before  an  increase  in  leakage  rate  could  be  detected.  As  a  general 
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rule  for  designing  the  connector,  it  was  decided  that  the  residual  axial  load  should  not 
be  less  chan  ^0  percent  of  the  axial  seal  seating  load. 

TABLE  9.  MINIMUM  AXIAL  SEAL  SEATING  LOADS  FOR  ALUMINUM  SEALS 


Nomina.’ 

Axial  Seal 

Total 

Initial  Leakage 

Load  at 

Pressure 

Minimum 

Seal 

Seating 

Initial 

Rate  at  2000  Psi, 

Allowable 

End 

Axial 

Size, 

liO&dj 

Axial 

atm  cc/sec/in.  of 

Leakage 

Load, 

Seal 

in. 

lb. 

Load,  lb 

seal  circumference 

Rate,  lb 

lb. 

Load,  lb 

2 

5,  500 

1 1 ,650 

9.  3  x  10~10 

10,600 

8,  900 

1700 

4 

9,  500 

36,250 

4.6  x  10-10 

28, 500 

31, 200 

-2700(a) 

6 

13, 500 

73, 000 

3.2  x  10-8 

70,  000 

64,  000 

6000 

8 

16, 00C 

134, 000 

o 

i 

O 

i-h 

X 

ro 

119, 000 

1 12, 400 

6600 

(2)  This  value  indicates  that  the  final  external  force  was  less  than  the  pressure  end  force. 


Development  of  Computerized 
Seal-Design  Procedure 


Seal -Design  Procedure  for  Qualification  Tests.  On  the  basis  of  the  results  from 
the  seal -development  work,  the  following  step-by-step  procedure  was  derived  to  design 
the  seals  for  the  connectors  used  in  the  qualification  tests.  The  tube  inside  diameter 
was  calculated  in  the  tube-design  section  of  the  computerized  connector-design  program. 
In  the  seal  -design  section  of  the  program,  the  seal  inside  diameter  was  made  equal  to 
the  tube  inside  diameter  plus  0.  04  inch  {to  allow  for  seal  contraction)  for  tube  sizes 
through  8  inches  in  diameter,  or  to  the  tube  inside  diameter  plus  0.06  inch  for  tube 
sizes  greater  than  8  inches.  As  shown  by  Curve  1  of  Figure  13,  the  seal  disk  height 
was  calculated  as  a  step  function  of  tube  size.  The  seal  disk  thickness  was  made 
0.04  inch  for  all  tube  sizes. 

The  seal  tang  thickness  was  first  made  equal  to  the  tube  wall  thickness,  and 
Equation  (3)  was  used  with  the  appropriate  material  yield  stress  and  the  required 
radial  force  to  calculate  a  tang  length.  The  ratio  of  seal  tang  length  to  seal  tang 
height  was  checked  to  determine  that  it.  was  not  greater  than:  (1)  3.  5  for  tube  sizes 
up  to  and  including  3  inches,  (2)  2.  5  for  tube  sizes  up  to  and  including  8  inches,  and 
(3)  2.0  for  tube  sizes  greater  than  8  inches.  If  the  calculated  ratio  was  greater  than 
allowable,  the  tang  thickness  was  increased  by  steps  of  0.  005  inch  and  the  calculation 
of  seal  tang  length  was  repeated  until  a  satisfactory  ratio  was  obtained.  The  previously 
established  seal  disk  dimensions  were  then  used  with  the  selected  tang  to  determine  the 
final  seal  design. 

Revised  Seal-Design  Procedure.  As  discussed  on  pages  144  through  146,  the 
qualification  tests  showed  that  the  seal  design  procedure  had  to  be  revised  for  three 
reasons.  First,  the  selected  disk  thickness  of  0.  040  inch  had  to  be  increased  because 
of  the  pres  su  re -impulse  requirements  of  the  high-pressure  aluminum  connectors. 

Second,  the  disk  height  of  the  larger,  high-pressure  stainless  steel  seals  had  to  be 
increased  to  provide  more  elastic  recovery  for  thermal -gradient  requirements.  Third, 
the  radial  force  per  inch  of  seal  circumference  for  all  stainless  steel  seals,  and  in 
particular  for  the  high-pressure  seals,  had  to  be  increased  to  provide  better  sealing 
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FIGURE  13.  SEAL  DISK  HEIGHT  VERSUS  TUBE  SIZE 


contact  to  overcome  imperfections  and  manufacturing  variation!  in  the  nickel  surface  of 
the  seals.  During  consideration  of  these  requirements ,  it  also  became  apparent  that 
shorter  disk  heights  were  needed  for  the  seals  for  tubing  less  than  3  inches  in  diameter. 

The  design  procedure  was  revised  to  begin  with  the  calculation  of  seal  disk  height 
as  a  linear  function  of  tube  size.  As  shown  by  Curve  2  in  Figure  13,  the  linear  varia¬ 
tion  was  made  to  approximate  the  disk  height  of  the  3-inch  qualification-test  seals  be¬ 
cause  of  the  satisfactory  thermal-gradient  performance  of  the  3-inch  stainless  steel 
connectors.  The  seal  disk  height  for  the  1-inc.h  size  was  based  on  engineering  judg¬ 
ment  and  on  seals  used  under  Contract  AF  04(6ll)-8176  for  threaded  connectors.  For 
the  larger  seals,  the  seal  disk  height  was  made  as  great  as  possible  without  increasing 
the  basic  connector  structure  as  determined  by  the  operating  conditions  and  the  ma¬ 
terial  properties.  Following  the  seal-disk-height  calculation,  the  inside  diameter  of 
the  seal  was  made  equal  to  the  tube  inside  diameter  plus  an  allowance  for  seal  con¬ 
traction  proportional  to  the  seal  disk  height. 

The  seal  tang  thickness  was  initially  made  equal  to  0.  9  times  the  tube  wall  thick¬ 
ness,  and  a  tang  length  was  calculated  using  Equation  (5a): 

L  =  2Ft/[SY  ln  (De/Di)]’  (5a) 


where 


L,  =  tang  length,  in. 

Ft  =  radial  force  per  inch  of  outside  seal  tang  circumference  at  root 
of  each  seal  disk,  lb/in.  [  Ft  was  made  equal  to  750  lb/in.  for 
all  aluminum  seals,  1200  lb/in,  for  low-pressure  stainless  steel 
seals,  and  2500  lb/in.  for  high-pressure  stainless  steel  seals.] 

Sy  =  seal  material  compressive  yield  stress,  psi 

De  =  tang  outside  diameter,  in. 

Di  =  tang  inside  diameter,  in. 

On  the  basis  of  additional  consideration  of  allowable  bowing  in  the  seal  tang,  the 
maximum  allowable  ratio  of  seal  tang  length  to  seal  tang  thickness  was  set  at  4  for  all 
tube  sizes,  and  an  iterative  check  (see  page  23  )  was  performed  on  the  calculated  ratio 
until  a  satisfactory  ratio  was  obtained.  Equations  (5b)  and  (5c)  below  show  the  calcula¬ 
tions  derived  for  seal  disk  thickness.  The  maximum  of  the  two  values  obtained  was  the 
designed  disk  thickness.  These  equations  were  based  on  the  successful  performance 
of  a  seal  disk  thickness  of  0.  060  inch  in  the  pressure -impulse  test  of  the  8-inch  alumi¬ 
num  connector,  and  on  the  judgmental  application  of  beam- strength  considerations  to 
other  disk  sizes. 


and 


LT  =  FtD  /D  S  , 
To  e  y 


(5b) 


LT  =  0.  04  +  0.  001  D 


V P/12  , 


(5c) 
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where 


LT  -  seal  disk  thickness,  in. 

Da  =  seal  disk  outside  diameter,  in. 
D  -  tube  outside  diarnsier  in. 

P  -  operating  pressure;  psi. 


Investigate n  of  Con n  e  c tor-Dcaign  Cri t erja 


Several  criteria  must  be  considered  in  the  design  of  sepa  rable  connector  e.  fov  large 
tubing  systems.  An  investigation  was  made  of  these  criteria  prior  to  the  development  of 
a  computerized,  connector-design  program.  In  addition  to  the  seal  development  work 
described  previously,  this  work  included:  (1)  design  approximations  for  conventional 
flanged  connectors;  (2)  investigation  of  nonconventional  connector  configurations; 

(3)  comp'  rison  of  conventional  and  nonconventional  connectors;  (4)  investigation,  of  con¬ 
nector  thermal  gradients;  (b)  investigation  of  bolt  parameters;  and  (6)  investigation  of 
stress  relaxation  considerations. 


Design  Approximations  for  Conven¬ 
tional  Flanged  Connectors 

Conventional  connectors  include  either  integral  or  loose- ring  flanges  fastened 
together  by  bolts.  These  configurations  are  illustrated  in  Figure  14.  The  important 
factors  that  determine  the  physical  dimensions  and  weight  of  conventional  connectors 


FIGURE  14.  CONVENTIONAL  FLANGE  CONNECTORS 

Zb 


include  the  (!)  design  conditions,  (2)  seal  dimensions,  (3)  material  properties,  (4)  tube- 
wali  thickness,  (5)  connector  loads,  (6)  bolt  strength,  and  (7)  wrench  clearance.  Each 
of  these  factors  is  discussed  briefly,  and  approximate  comparative  weights  are  given 
for  conventional  integral  and  loose-ring  connectors. 

Design  Conditions.  On  the  basis  of  the  requirements  of  missile  systems  as  defined 
by  the  work  statement,  five  combinations  cf  temperature,  pressure,  material,  and  tube 
size  were  selected  for  design  approximations.  These  are  listed  in  Table  10.  Some  de¬ 
sign  penalties  were  imposed  for  the  low-pressure  system  because  the  computed  tube  -wall 
thickness  for  pressure  retention  {for  smaller  tube  sizes  especially)  was  not  great  enough 
for  normal  handling  or  fabrication  of  the  tubing  system,  and  heavier  tube -  wall  thicknesses 
required  a  heavier  connector  to  withstand  the  higher  bending  moment  loads. 

TABLE  10.  CONDITIONS  FOR  DESIGN  APPROXIMATIONS 


Tube 

Diameter, 

in. 

System 

Pressure, 

psi 

Maximum 

Temp, 

F 

Material 

1  to  16 

100 

200 

Type  347  SS 

1  to  16 

1500 

200 

Type  347  SS 

1  to  16 

1500 

200 

6  061-T6  A1 

l  to  3 

4000 

600 

Type  347  SS 

1  to  3 

6000 

200 

Type  347  SS 

For  the  design  approximations,  no  consideration  of  thermal  gradients  was  included 
in  the  ioad  and/or  stress  analyses.  However,  on  the  basis  of  concurrent  laboratory 
measurements  of  thermal  gradients  (see  page  36),  it  was  decided  not  to  use  steel  bolts 
with  aluminum  flanges. 

Seal  Dimensions.  As  shown  in  Figure  1 5a,  if  the  seal  OD  is  relatively  large,  the 
bolt-circle  diameter  will  be  larger  than  that  required  to  accommodr.te  wrench  clearance 
at  the  bolt  head.  If  the  seal  OD  is  small  and  the  seal  length  is  excessive  (Figure  15b), 
then  the  length  of  the  bolt  may  be  longer  than  necessary.  It  is  desirable,  therefore,  to 
select  an  "optimum"  seal  configuration  (Figure  15c)  which  will  not  penalize  the  flange 
design.  For  comparison  purposes,  the  seal  dimensions  selected  were  based  on  a  seal 
tang  thickness  equal  to  the  tube-wall  thickness.  The  other  dimensions  of  the  seal  were 
then  selected  to  satisfy  s  eal  -  pe  rfo  rmance  parameters  as  discussed  previously. 

Material  Properties.  To  provide  a  common  basis  for  stress  and  weight  calcula¬ 
tions,  values  were  selected  for  the  minimum  strength  properties  of  the  connector  ma¬ 
terials.  Some  of  the s e  value s  are  listed  in  T able  11.  For  6  06l-T6  aluminum  connecto r s , 
the  bolt  material  selected  was  2024 -T3  aluminum,  while  for  stainless  steel  connectors, 
the  bolt  material  selected  was  heat-treated,  high-strength  A286.  Also,  for  analysis 
;  urposes,  factors  of  safety  of  1.5  for  aluminum  materials  and  1.25  for  steel  materials 
were  selected. 


a. Tang  too  Thick 


TABLE  11.  MATERIAL  MINIMUM-STRENGTH  PROPERTIES  SELECTED 
FOR  CONNECTOR  COMPARISONS <a) 


6  061-T6 

2024-T3 

Type 

High -Strength 

Aluminum 

Aluminum 

347  SS 

A286 

Modulus  of  Elasticity,  10^  psi 

9.  9 

9.  9 

28.0 

29.  0 

Density,  lb/in. 

0.  098 

0.  098 

0.  288 

0.  286 

Room  Temperature  (70  F) 

Tensile  Yield  Strength,  psi 

35, 000 

50, 000 

35, 000 

131, 000 

Ultimate  Tensile  Strength,  psi 

42, 000 

62, 000 

90, 000 

200,  000 

200  F 

Tensile  Yield  Strength,  psi 

32, 200 

47, 000 

30, 000 

128, 000 

Ultimate  Tensile  Strength,  psi 

38,  100 

59, 000 

76, 500 

196, 000 

600  F 

Tensile  Yield  Strength,  psi 

— 

— 

25, 000 

120, 000 

Ultimate  Tensile  Strength,  psi 

' 

68,  000 

180, 000 

(a)  Some  of  these  properties  were  revised  in  later  designs. 


Tube -Wall  Thickness.  The  tube-wall  thicknesses  selected  for  this  study  were 
calculated  by  the  following  formula  from  Section  I  of  the  ASA  Code  for  Pressure  Piping: 

Tube -Wall  Thickness  =  — ,  (6) 

T  U .  O.T 


where 


Sa  =  allowable  stress  of  tube  material  at  most  severe  operation 
condition,  psi 

P  =  operating  pressure,  proof  pressure,  and/or  burst  pressure,  psi 

D  =  tube  outside  diameter,  in. 

1.1=  factor  applied  for  fabrication  tolerance. 

The  most  severe  operating  conditions  that  determined  minimum  tube-wall  thick¬ 
ness  were  (1)  proof  pressure  (one-and-one-half  times  maximum  working  pressure)  for 
Type  347  stainless  steel,  and  (2)  burst  pressure  (two  times  maximum  working  pressure) 
for  6061-T6  aluminum.  For  the  100-psi  conditions,  a  minimum  wall  thickness  was 
selected  on  the  basis  of  weldability  and  ease  of  handling.  Table  12  shows  the  calculated 
tube-wall  thicknesses. 
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TABLE  12.  T JBE-WALL  THICKNESS  CALCULATED  FOR 
CONNECTOR  COMPARISONS 


Tube 

Diameter, 
D,  in. 

Tube-Wall  Thickness, 

inches 

6061-T6  Aluminum, 
1500  Psi, 

200  F 

Type  347  Stainless  Steel 

100  Psi, 
200  F 

1500  Psi,  4000  Pai, 

200  F  600  F 

6000  Psi, 
200  F 

1 

0.  042 

0.  022 

0.  040 

0.  120 

0.  147 

2 

0.  084 

0.  028 

0.  080 

0.  240 

0.  294 

3 

0.  126 

0.035 

0.  120 

0.  360 

0.441 

4 

0.  168 

0.  035 

0.  160 

5 

0.  210 

0.  050 

0.  200 

6 

0.  252 

0.  050 

0.  240 

7 

0.  294 

0.  050 

0.  280 

8 

0.  336 

0.  050 

0.  320 

9 

0.  378 

0.  050 

0.  360 

10 

0.  420 

0.  050 

0.  400 

11 

0.460 

0.  050 

0.440 

12 

0.  504 

0.  06  3 

0.  480 

13 

0.  546 

0.  063 

0.  520 

14 

0.  588 

0.  063 

0.  560 

15 

0.630 

0.  063 

0.  600 

16 

0.6  72 

0.  06  3 

0.  640 

Connector  Loads.  Three  types  of  loads  (pressure  end  load,  tube  bending  load,  and 
minimum  residual  seal  load)  combine  in  different  ways  to  determine  the  operating  con¬ 
ditions.  The  connector  design  axial  load  (TAL)  was  determined  on  the  worst-case  basis 
of: 


(1)  Axial  load  due  to  proof  pressure  plus  minimum  seal  load 

(2)  Axial  load  due  to  operating  pressure  plus  equivalent  bending 
load  plus  minimum  seal  load. 

The  design  axial  loads  (TAL)  for  each  tube  OD  and  combination  of  temperature, 
pressure,  a. id  material  are  shown  in  Table  13. 
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TABLE  13.  DESIGN  AXIAL  LOADS  CALCULATED  FOR 
CONNECTOR  COMPARISONS 


Design 

Axial  Load  (TAL),  lb 

Tube 

6061-T6  Aluminum, 

Type  347  Stainless  Steel 

Diameter,  D, 

1500  Psi, 

1500  Psi,  4000  Psi,  6000  Psi, 

in. 

200  F 

200  F  600  F  200  F 

1 

3,  951 

3,  472 

8,296 

12, 082 

2 

13,414 

12, 754 

32,942 

45, 083 

3 

30, 592 

30, 958 

59, 502 

83,480 

4 

47  ,  86  8 

46, 367 

5 

64, 348 

62, 525 

6 

84, 770 

81,686 

7 

107, 356 

103, 814 

8 

135, 187 

128, 758 

9 

165, 122 

159, 032 

10 

204, 083 

194, 326 

11 

248, 840 

241, 760 

12 

292, 546 

284,  86  5 

13 

334, 785 

331, 507 

14 

397, 426 

381,681 

15 

452,201 

434, 853 

16 

510, 487 

492,636 

The  prep*5 


•r«  end  loads  at  operating  and  proof  pressure  conditions  were  calculated: 


PL 


(7) 


where 


PL  =  pressure  end  load,  lb 
P  =  operating  pressure  or  proof  pressure,  psi 
D0  =  seal  outside  diameter,  in. 

The  tube  bending  moment  was  calculated  on  the  basis  of  Equations  (8)  and  (9)  and 
the  lower  value  was  selected.  The  static  bending  moment  due  to  misalignment  at  as¬ 
sembly  was  defined  as  half  of  the  tube  bending  moment. 

TBM1  =  Z  SA  ,  (8) 


TBM2  =  60  (D  +  3)3  , 


(9) 


where 


TBM1  and  TMB2  -  tube  bending  moment,  lb-in, 

Z  =  tube  section  modulus,  in.  ^ 

S a  =  minimum  of  2/3  yield  strength,  0.  8  stress  to 

rupture  in  2  years,  or  0.  5  fatigue  strength,  psi 

D  =  tube  outside  diameter,  in. 

The  equivalent  axial  load  due  to  tube  bending  was  calculated: 

ALB  =  SB  7tT  (d"t>  >  (10) 

where 

ALg  =  equivalent  axial  load,  lb 
Sg  =  bending  stress,  psi 
T  =  tube -wall  thickness,  in, 

D  =  tube  outside  diameter,  in. 

The  minimum  residual  seal  load,  MSL,  was  calculated  to  be  10  percent  of  the 
assembly-seal  sealing  load,  i.e.,  about  75  Ib/in,  of  seal  circumference: 

MSL  =  75  7T  <D0)  ,  (11) 


where 


MSL  -  minimum  seal  load,  lb 
D0  =  seal  outside  diameter,  in. 

Bolt  Strength.  For  design  approximation,  high-strength  A286  bolts  and  2024-T3 
aluminum  bolts  were  selected  for  the  stainless  steel  and  aluminum  connectors  ,  respec" 
tively.  The  room-temperature  strength  properties  of  these  bolt  materials  are  shown  in 
Figures  16  and  17.  The  maximum  allowable  bolt  loads  at  maximum  operating  temper¬ 
ature  for  various  bolt  sizes  are  shown  in  7  able  14.  The  allowable  bolt  loads  were  com¬ 
puted  as  follows: 

S 

BLsreA«»  (12) 


where 


BL  =  maximum  allowable  bolt  load,  lb 

Sy  =  tensile  yield  strength  of  bolt  material  at  maximum  operating 
temperature,  psi 

FS  =  factor  of  safety;  for  2G24-T3,  FS  =  1.5,  for  A286,  FS  -  1.25 

7T  /  0. 9743 

A8  =  tensile  ctress  area  =  -  - ~ - y 

and  D  -  basic  major  bolt  diameteT,  in.  , 
n  =  number  of  threads  pel'  inch. 
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FIGURE 


FIGURE  16.  STRENGTH  OF  2024-T3  ALUMINUM  BOLTS 
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TABLE  14.  MAXIMUM  ALLOWABLE  BOLT  LOADS,  POUNDS 


Bolt  Size, 
in.  -  TPI 

2024-T3  Aluminum, 

200  F 

A286 

200  F  600  F 

10-32 

2,  050 

1,925 

1/4-28 

1,  139 

3,  734 

3,  505 

5/ i 6-24 

1,  818 

5,  960 

5,  595 

3/6  -  24 

2,  751 

9,  015 

8,46  3 

7/16-20 

3,719 

12, 186 

11,440 

K- 

'v 

1 

o 

5,  on 

16, 418 

15,413 

9/lb  18 

6,  360 

20, 835 

19,  560 

5/8-18 

8,  010 

26, 273 

24,665 

3/4-16 

11,686 

38, 284 

35, 940 

7/8-14 

15,  963 

52, 297 

49,095 

1-12 

20, 774 

68,  061 

63, 894 

V  cnch  Clearance.  One  of  the  bolt  characteristics  that  influences  the  dimensions 
of  the  connector  is  the  bolt-head  size  and  its  corresponding  wrench-clearance  require - 
men?,  One  minimum  limit  on  the  bolt-circle  diameter  is  established  by  the  tube  out¬ 
side  diameter  plus  the  wrench-clearance  diameter.  A  limit  on  the  maximum  number  of 
bolts  that  can  be  used  in  a  flange  is  the  space  between  the  bolts  required  for  wrench 
clearance.  Table  15  lists  the  across -flats  dimensions  and  the  wrench-clearance  diame¬ 
ters  that  were  used  in  this  comparison  study. 

TABLE  15.  BOLT-WRENCH  CLEARANCE 


Bolt 

Size.  in. 

Hexagon  Head 
Size  Across 
Flats,  in. 

W  rench- 
Clearance 
Diameter,  in. 

1/4 

7/16 

0.  88 

5/16 

1/2 

0.  94 

3/8 

9/16 

1.  00 

7/16 

11/16 

1 . 08 

1/2 

3/4 

1.  34 

9/16 

7/8 

1.51 

5/8 

15/16 

1 .  59 

3/4 

1-1/16 

1.73 

7/8 

1-1/4 

1. 94 

1 

1-7/16 

2.  16 

Integral-F’ange  Connector.  The  total-axial -load  data  in  Table  13  were  used  to 
determine  the  number  and  size  of  bolts  required  for  integral  flange  connectors  for  each 
representative  tube  size  and  pressure  condition.  A  computer  program  was  established 
for  designing  integral  flanges  in  accordance  with  the  formulas  and  methods  set  forth  in 
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the  ASME  Code  for  Unfirad  Pressure  Vessels  -  Section  VIII.  Bolt-circle  inputs  ware 
determined  from  the  minimum  of  two  conditions:  (i)  connector  hub  OD  +  2  x  (nut  radius  + 
wrench  clearance  between  nut  and  hubl  or  (2)  seal-cavity-clearance  diameter  +  2  x  bolt 
radius.  Flange  OD  inputs  were  found  by  adding  two  times  the  belt  diameter  to  the  calcu¬ 
lated  bolt  circle. 

Loose-Ring  Flange  Connector.  The  number  and  size  of  bolts  required  for  the  loose- 
ring  configuration  were  identical  to  those  required  for  the  integral-flange  connectors. 
Loose-ring-thickness  calculations  were  made  vising  the  bolt-circle  and  ring  OD  dimensions 
established  for  the  integral-type  flanges.  The  stub  flanges  were  designed  by  a  computer 
program  set  up  for  the  loose-ring  design.  The  OD  of  the  stub  flanges  was  the  minimum 
that  would  contain  the  seal  cavity  while  providing  adequate  bearing  area  between  the  flange 
face  and  the  loose  ring. 

Weight  Comparison.  Comparative  weights  for  the  integral  and  the  loose-ring  con¬ 
nectors  were  computed  and  are  shown  in  graphical  form  in  Figures  18  through  21. 


Investigation  of  Nonconventional 
Connector  Configurations 

The  investigation  of  nonconventional  connectors  was  initiated  by  a  search  for  basic 
configurations.  Three  major  sources  were  searched:  (1)  patents,  (2)  commercially 
available  connectors,  and  (3)  connector  concepts  available  from  the  literature  and  from 
past  Battelle  projects.  Approximately  60  patents  were  obtained,  studied,  and  classified 
according  to  the  basic  design  approaches.  Letters  were  sent  to  approximately  3i6  com¬ 
panies  requesting  design  information  on  available  or  promising  connector  configurations. 
A  search  was  made  of  the  extensive  literature  on  connectors  collected  under  Contract 
AF  04(6ll)-81?6,  and  of  the  connector  concepts  conceived  during  that  project  and  during 
other  Battelle  projects  on  connectors.  From  this  work,  five  connector  configurations 
were  selected  as  containing  design  features  worthy  of  detailed  study. 

To  permit  a  comparison  of  nonconventional  and  conventional  configurations,  a 
preliminary  design  of  each  nonconventional  connector  was  developed  for  the  design  con¬ 
ditions  given  in  Table  10.  Type  347  stainless  steel  was  chosen  as  the  material  for  all 
nonconventional  connector  designs.  This  selection  permitted  a  more  general  comparison 
of  the  different  configurations  and  simplified  the  comparison  procedure.  The  tube-wall 
thickness  and  the  total  axial  load  were  common  to  all  conventional  and  nonconventional 
connector  configurations.  The  residual  seal-seating-load  requirement  was  also  common 
to  all  connectors. 


X -Connector.  The  X-connector  designed  by  the  Parker  Aircraft  Company  is  shown 
in  Figure  22.  The  cuter  portion  or  fastener  of  this  connector  serves  the  same  function 
as  the  bolts  in  a  conventional  connector.  The  fastener  is  fabricated  with  end  diameters 
large  enough  to  pass  over  the  stub  flanges  during  assembly.  A  special  tool  is  used  to 
swage  or  deform  the  end  portions  of  the  fastener  inwardly  and  around  the  stub  flanges. 
The  fastener  is  contained  and  deformed  in  such  a  way  that  it  seats  the  seal  and  provides 
joint  preload. 

A  1/2-inch  X-connector  and  a  3/4-inch  X-connector  have  been  developed  through 
funding  from  General  Electric  and  NASA,  and  tests  have  been  conducted  satisfactorily 
with  helium  at  4000  psi.  Development  of  the  X-connector  with  the  Bobbin  seal  in  the 
larger  tube  sizes  would  be  somewhat  questionable  because  of  the  large  axial  seal-seating 
motion  and  high  joint  preloads  which  are  required.  Furthermore,  the  connector  is  a 
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FIGURE  18.  WEIGHT  CF  TYPE  347  STAINLESS  STEEL  LOOSE-RING  AND 
INTEGRAL  FLANGE  CONNECTORS  FOR  100-  PSI,  20C  F 
SYSTEMS 
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FIGURE  19.  WEIGHT  OF  6061-T6  ALUMINUM  LOOSE-RING  AND 
INTEGRAL- FLANGE  CONNECTORS  FOR  1500- PSI, 
200  F  SYSTEMS 
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20.  WEIGHT  OF  TYPE  347  STAINLESS  STEEL  LOOSE-RING  AND 
INTEGRAL- FLANGE  CONNECTORS  FOR  1500-PSI,  200  F 
SYSTEMS 


21.  WEIGHT  OF  TYPE  347  STAINLESS  STEEL  LOOSE-RING  AND 
INTEGRAL- FLANGE  CONNECTORS  FOR  6000- PSI,  200  F 
SYSTEMS 
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semipermanent  rather  than  a  separable  connector.  However,  not  only  does  the  connec  tor 
have  unique  features,  but  it  appears  to  have  been  investigated  more  thoroughly  than  any 
other  noncor.ventional  connector  in  the  past  few  years. 

A  design  similar  to  the  X-connector,  shown  in  Figure  23,  was  established  for  the 
estimate  of  connector  weight.  The  weight  of  the  connector  fastener  was  calculated  using 
the  computer  program  established  for  the  nut  of  the  threaded-flange  connector.  The 
weights  of  the  stub  flanges  were  made  identical  to  those  of  the  stub  flanges  of  the  con¬ 
ventional  loose -ring  connector. 

V-Band  Connector.  The  V-band  connector  is  an  acceptable  tube  fastener  for  many 
industrial  and  aerospace  applications.  Several  design  variations  are  possible  in  the 
V-band  structure,  but  limitations  must  be  imposed  owing  to  tube  size,  system  pressure, 
and  permissible  leakage.  A  three-segment  band  interconnected  by  the  stud  and  nut 
arrangement  shown  in  Figure  24  was  chosen  as  the  best  configuration  for  liquid  rocket 
propulsion  systems.  This  design  is  more  suitable  for  large  tube  diameters  and  for  the 
high  axial  seal-seating  motion  required  by  the  Bobbin  seal.  Also,  a  more  accurate  pre¬ 
load  can  be  realized  with  this  configuration  than  with  a  single -fastener ,  single-strap  con¬ 
figuration,  since  less  relative  motion  exists  between  the  band  and  flange  pressure  faces 
during  assembly. 

The  flange-face  pressure  angle  and  the  thickness  of  the  flange  beyond  the  tube  OD 
were  chosen  to  provide  the  axial  motion  required  for  seal-seating  and  joint  preload.  The 
included  angle  on  the  V-band  was  not  allowed  to  exceed  35  degrees.  The  distance  be¬ 
tween  the  pressure  faces  of  the  V-band  was  determined  from  the  summation  of  dimensions 
of  the  contained  flanges  and  seal.  These  parameters,  together  with  the  total- axial -load 
data  and  an  assumed  friction  angle,  provided  the  inputs  to  a  computer  program  estab¬ 
lished  to  calculate  the  weight  of  the  V-band.  The  flange  weights  were  calculated  by  the 
stub-flange  computer  program. 

Compression-Collar  Connector.  The  load-carrying  member  of  this  connector  is  a 
two-segment  collar  similar  to  a  two-segment  V-band  with  parallel  faces  on  the  inwardly 
projecting  flanges.  The  design  as  presented  by  Allied  Research  Associated  is  shown  in 
Figure  25.  One  of  the  inwardly  projecting  flanges  of  this  connector  is  tapped  for  socket- 
head  screws  which  bear  against  a  hardened  steel  ring  on  one  of  the  flange  faces.  These 
screws,  when  tightened  against  the  hardened  steel  ring,  produce  axial  motion  which 
forces  the  flanges  against  the  seal  to  provide  joint  preload. 

The  fastener  for  the  redesigned  compression  collar  is  in  the  form  of  a  continuous 
thin-walled  nut  as  shown  in  Figure  26.  The  two  end  rings  of  the  nut  member  are  de¬ 
signed  to  contain  the  bending  loads,  and  this  permits  the  thin-wall  construction  of  the 
interconnecting  cylinder.  This  design  was  chosen  because  it  represents  a  lighter 
weight  than  can  be  realized  with  the  thick-walled  two-segment  design,  where  bending 
loads  must  be  carried  through  the  entire  length  of  the  connector.  Computations  of  the 
weight  for  the  t  ut,  the  nut  ring,  and  the  flanges  were  accomplished  by  computer  pro¬ 
grams.  The  weights  of  these  elements  plus  the  socket-head  screws  and  hardened  3teel 
ring  make  up  the  total  connector  weight. 

Breech-Type  Connector.  The  breech-type  connectoi  uses  a  nut  member  to  carry 
the  total  axial  load  over  and  around  the  seal  area.  The  design  as  it  is  manufactured  by 
Thornhill-Craver  Company,  Inc.  ,  is  shown  in  Figure  27.  One  of  the  flanges,  called  the 
lug  hub  member,  contains  outwardly  projecting  tapered  shelves.  The  nut  member  con¬ 
tains  inwardly  projecting  tapered  shelves  which  contact  the  tapered  surfaces  of  the 
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FIGURE  22.  X- CONNECTOR 


FIGURE  23,  X- CONNECTOR  APPROXIMATION  USED 
FOR  WEIGHT  ANALYSIS 


FIGURE  24.  THREE- SEGMENT  V-BAND  CONNECTOR 
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hub-member  shelves.  Relative  rotating  motion  between  the  lug  hub  and  nut  member  pro¬ 
duces  an  axial  motion  and  compressive  force  on  the  flanges  and  seal.  Only  a  few  degrees 
of  nut  member  rotation  are  required  for  connector  preload.  The  torque  is  applied  by  the 
arm  and  bolt  device  shown  in  Figure  27, 

The  redesigned  breech-type  connector  is  shown  in  Figure  28.  To  save  weight,  the 
arm  and  bolt  arrangement  for  applying  axial  preload  was  removed.  Splines  were  de¬ 
signed  on  the  nut  and  hub  to  provide  the  contact  surfaces  through  which  a  special  tool  can 
transmit  joint  assembly  torques.  Cammed  surfaces  on  the  joint  loading  tabs  were  de¬ 
signed  with  a  9-degree  lead  angle,  and  tab-face  areas  were  sized  to  provide  a  bearing 
stress  less  than  the  allowable  for  Type  347  stainless  steel.  The  nut-wall  thickness  was 
calculated  to  withstand  the  total  axial  load  in  tension,  together  with  the  bending  loads 
imposed  by  the  tabs.  These  data  were  used  in  the  nut  and  flange  computer  program*  to 
complete  the  required  calculations.  The  total  connector  weight  consists  of  the  stub-  and 
tab-flange  weights  and  the  tab,  spline,  and  nut  weights. 

Threaded- Flange  Connector.  A  gear-powered  union  designed  by  Resistoflex 
Corporation  contains  a  worm  and  worm-gear  arrangement  to  reduce  the  wrench  torque 
required  to  assemble  the  connector  (see  Figure  29).  This  type  of  torquing  device  in¬ 
creases  connector  weight  for  two  reasons:  (1)  the  gear  reduction  assembly  an  integral 
part  of  the  connector  and  (2)  the  diameter  of  the  load  path  is  considerably  greater  than 
the  flange  OD  and  this  produces  increased  bending  moments,  requiring  thicker  nut -wall 
construction.  A  redesign  of  this  connector  produced  the  more  familiar  threaded-flanged 
connector,  shown  in  Figure  30.  Weight  data  for  the  threaded  flange  and  nut  were  pro¬ 
vided  by  separate  computer  programs  set  up  for  the  threaded-flange  connector,  while 
the  plain-hub  data  came  from  the  stub-flange  computer  program.  The  high  nut  torques 
required  for  preloading  this  design  must  be  provided  by  a  special  tool  attached  to  the 
connector  through  the  hub  and  nut  splines. 

One  design  of  a  special  tool  which  could  be  used  with  this  connector  is  shown  in 
Figure  31.  A  chain  similar  to  a  timing  chain  would  be  wrapped  around  the  hub  spline 
of  the  connector  and  tightened  to  anchor  the  tool  and  to  sustain  the  countertorque  im¬ 
posed  by  the  tool.  A  second  chain  would  be  wrapped  around  the  tool  drive  gear  and  nut- 
spline  area  of  the  connector,  and  the  ends  would  be  connected  to  form  an  endless  chain 
drive.  This  drive  chain  would  be  tightened  by  an  idler  wheel  to  complete  the  attachment 
of  the  special  tool.  Torque  could  be  applied  to  the  connector  nut  through  either  of  two 
wrench  positions  on  the  special  tool.  The  low-torque  position  would  be  used  to  attain 
greater  speed  in  seating  the  seal,  and  the  high-torque  position  would  be  used  to  apply 
the  preload. 


Comparison  of  Conventional  and 
Nonconventional  Connectors 


Weight  is  believed  to  be  the  most  important  parameter  in  the  comparison  of  con¬ 
ventional  and  nonconventional  connectors.  The  information  pertaining  to  weight,  and  to 
comparisons  of  a  more  general  nature  are  discussed  in  the  following  sections. 

Weight  Comparison.  The  connector  weights  for  the  representative  systems  are 
summarized  in  parametric-curve  form  in  Figures  32  through  35.  The  weights  shown 
represent  the  flange  and  fastener  portion  of  the  connector  external  to  the  tube  outside 
diameters.  Th*  weight  of  the  seal  is  not  included.  The  V-band  connector  is  the  heav¬ 
iest  lor  the  four  conditions  investigated.  The  high  weight  exhibited  by  this  configuration 
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FIGURE  27.  THORNHILL- CRAVER  CO.  ,  INC. 

BREECH-TYPE  CONNECTOR 


FIGURE  28.  REDESIGNED  BREECH- TYPE  CONNECTOR 
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FIGURE  29.  RESISTOFLEX  GEAR- POWERED  UNION 


FIGURE  30.  RESISTOFLEX  GEAR-POV/ERED  UNION  REDESIGNED 
FOR  MINIMUM  WEIGHT 
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FIGURE  33.  CONNECTOR  WEIGHTS  FOR  A  1500-PSI,  200  F  SYSTEM 
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FIGURE  34.  CONNECTOR  WEIGHTS  FOR  A  4000- PSI,  600  F  SYSTEM 
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FIGURE  35  CONNECTOR  WEIGHTS  FOR  A  6000-PSI,  200  F  SYSTEM 


is  due  primarily  to  the  noncontinuoua  fastener  element.  The  fastener  does  not  have  the 
structural -strength  advantage  that  can  be  realized  with  a  composite  ring  -  anr*  -  cylindrical  ~ 
fastener  arrangement,  and  the  imposed  bending  moments  must  be  sustained  in  a  structure 
similar  to  a  simple  beam.  The  fastener  must  also  carry  the  tensile  load  due  to  total 
axial  load.  The  fastener  thickness  required  to  carry  the  combined  tensile  and  connector- 
imposed  bending  loads  is  in  excess  of  four  times  the  thickness  required  for  the  pure  ten¬ 
sile  load. 

According  to  the  curves  representing  the  compression-collar  and  breech-type  con¬ 
nectors  for  each  of  the  four  conditions,  there  is  no  weight  advantage  of  these  connectors 
as  compared  with  the  conventional  integral -flange  connector.  The  curves  denoting  the 
loose-ring  flange,  the  threaded  flange,  and  the  X-connector  show  that  these  connectors 
are  the  lightest  in  weight  of  those  investigated  during  the  analysie.  However,  the  feas¬ 
ibility  of  the  X-connector  is  low  when  examined  in  relation  to  the  program  requirements 
for  zero  leakage,  reassembly,  and  use  with  the  Bobbin  seal. 

The  threaded-flange  connector  represents  the  lowest  weight  design  of  all  the  con¬ 
nectors  investigated.  A  more  detailed  weight  comparison  for  the  loose-ring  and 
threaded -flange  connectors  is  shown  in  Table  16.  Weight  savings  in  excess  of  25  per¬ 
cent  are  possible  in  several  instances,  as  shown  by  this  comparison.  The  low  weight 
of  the  threaded- flange  connector  is  due  to  the  fact  that  the  axial  load  path  is  contained 
within  a  minimum  envelope  around  the  seal  cavity. 


TABLE  16.  WEIGHT  COMPARISON  FOR  LOOSE-RING 
AND  THREADED-FLANGE  CONNECTORS 


System 

Pressure 

Temperature 

Tube 

Diameter , 
in. 

Stainless  Steel 

Connecto  r 

Weights,  lb 

Loose  -Ring 

Flange 

Threaded 

Flange 

Percent 

Lighter 

1 

0.  40 

U.  26 

35.  0 

3 

2.  00 

1 .  66 

17.  0 

100  psi 

5 

5.  13 

4.  20 

18.  1 

200  F 

8 

10.  76 

9.  8< 

8.  4 

12 

24.  77 

24.  15 

-- 

16 

45.  06 

45.  26 

l 

0.  56 

0.  49 

12.5 

3 

3.  82 

3.  21 

16.  0 

1500  psi 

5 

9.  68 

7.  31 

24,  5 

200  F 

8 

20.  51 

16.  37 

20.  2 

12 

60.  87 

4  3.  60 

28.  4 

16 

105.  73 

* 

in 

cr 

00 

15.  3 

4000  psi 

1 

0.  95 

0.  71 

25.  2 

600  F 

2 

3.  77 

2.  71 

28.  1 

3 

7.  26 

5.  44 

25.  1 

6000  psi 

1 

1.  06 

0.  82 

22.  6 

200  F 

2 

4.  09 

3.  09 

24.  4 

3 

7.  95 

6.  47 

18.  6 
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Miscellaneous  Comparisons.  A  second  area  of  connector  comparison  was  con¬ 
cerned  with  some  general  features  of  each  design.  The  features  evaluated  are  shown 
in  Table  17.  The  conventional  integral-flange  and  loose-ring-flange  connectors  are 
combined  under  the  single  heading  "Bolted  Flange"  in  Table  17  since  the  designs  are 
identical  for  the  features  being  considered.  The  best  overall  rating  for  these  general 
design  features  was  shown  by  the  bolted  -  flange  and  compression-collar  connectors. 


TABLE  COMPARISON  OF  GENERAL  DESIGN  FEATURES 


Condition 

Bolted 

Flange 

Compre  3  sicn 
Colla  r 

Threaded 

Flange 

Breech 

Type 

Segmente  d 
V-  Band 

X- 

Connector 

Special  tool* 

Cood 

Good 

Unde  sir  able 

Unde  sira  ble 

Good 

Unde  s  irable 

Required  clearance  -  bevor.d 
connector  envelope 

Acceptable 

A  c  c  e  pt  a  bl  e 

Good 

Good 

Acceptable 

Unde  a  irable 

Preload  accuracy 

Good 

Good 

Ac  ceptable 

Acceptable 

Acceptable 

Acceptable 

Required  machining  tolerance 

Good 

Good 

Acceptable 

Undesirable 

Acceptable 

Acceptable 

Flange  load  distribution 
with  axial  misalignment 

Good 

Good 

Undesirable 

U nde  s irable 

Acceptable 

Acceptable 

A  third  area  of  comparison  was  the  estimated  assembly  time  required  for  each 
connector  type.  The  calculations  were  based  on  "Assembly  Time  Units".  One  (1) 
Assembly  Time  Unit  (ATU)  was  defined  as  the  time  required  to  insert  one  bolt  (for  the 
smaller  connectors)  through  the  holes  of  a  conventional  connector,  to  start  the  nut,  and 
to  run  the  nut  to  a  hand-tight  condition  (1ATU  =  1  5  to  30  seconds).  The  ATU  values  for 
basic  assembly  functions  are  shown  in  Table  18. 


TABLE  18.  SINGLE-BOLT  .ASSEMBLY -TIME- UNI T  REQUIREMENTS 


Connector  Assembly 
Function 


_ _ Tube  Diameter 

1  Through  4  In. 


5  Through  16  In, 


Z  to  3 

3/4  per  nut  turn 
1  to  Z 


Hand  Assembly 
Seal  »eating 
Preload  to  rque 


1 

1/2  per  nut  turn 
1 


Table  19  gives  the  breakdown  and  summarization  of  ATU's  for  the  individual 
assembly  functions  cf  bolted-flange  connectors.  Table  18  was  prepared  for  conventional 
connectors  in  particular,  but  slight  alterations  made  the  data  applicable  to  compression- 
collar  and  V-band  connectors.  Tables  20  and  21  present  the  estimates  for  these  two 
configurations.  Although  time  estimates  for  breech-type  and  threaded-flange  connectors 
were  less  accurate,  since  their  assembly  functions  could  not  be  directly  associated  with 
the  assembly  functions  of  a  simple  bolt,  Tables  22  and  23  present  the  estimated  assem¬ 
bly  times  for  these  two  connectors.  The  final  column  in  each  of  the  five  assembly-time 
tables  represents  the  range  of  estimated  real  time.  The  summary  of  assembly-time 
estimates,  as  listed  in  Table  24,  represents  the  average  of  this  real-time  range. 


TABLE  I  *».  1301. TKD-FLANGE-CONNECTOR  ASSEMBLY-TIME  ESTIMATES 


Pre s si* rt  . 

|ISI 

Tub. 

Diamete  t‘ , 
in. 

IV 

No. 

>11  S 

Sizt 

Turn  s 

In 

Sen  t 

Sr.il 

1  land 

Ass  rnibly 

Sinftl  r  -  Bolt 
Si*al 

Sr  .sting 

ATU 

Preload 

Torque 

Total 

Total 

ATU 

Time 
Range . 
min 

i 

6 

U  10 

3-  1/4 

i 

L 

1 

4 

24 

6  to  U 

100 

8 

2 0 

1/4 

3-1  i  L 

L 

s 

l 

6 

120 

30  In  bO 

16 

1/4 

6 

1 

4 

i 

8 

288 

72  to  144 

1 

b 

*  10 

1-3/4 

, 

, 

4 

24 

6  In  U 

isoo 

8 

16 

3/8 

2-1/4 

L 

3 

L 

7 

112 

<!8  to  SC' 

16 

to 

ML 

4-1/4 

\ 

4- 1 /a 

*» 

s- 1  /a 

28S 

71  to  142 

601)0 

1 

6 

«  10 

1-1/4 

1 

L 

1 

4 

24 

6  to  IJ 

1 

10 

3/8 

<1-1/4 

1 

1-  ML 

L 

4-  1  /  <! 

45 

l  1  to  ii. 

TAHI  .K  20.  COMPRESSION-COLLAR -CONNECTOR  ASSEMU  LY -Tl  ME  ESTIMATES 


Turns 

Tube  1 1 >  Joint  Single -Bolt  ATU  Time 


re  , 

|»H  3 

Diamrir  r 

in. 

_ D. 

N«». 

tl  t  H 

Size 

Sent 

Seal 

1  la  -id 

As  be  mb  1  y 

Inar  rl 
Bolt 

So  a  1 
Seat  ing 

Preload 

Torque 

Total 

Total 

ATU 

Range , 
min 

i 

b 

0  10 

3-  1/4 

3 

i 

2 

i 

4 

27 

7  to  14 

100 

8 

20 

1/4 

3-1/2 

S 

i 

3 

i 

6 

105 

26  to  52 

»6 

14 

1  /  4 

6 

8 

i 

4 

i 

6 

212 

53  to  100 

1 

6 

«  10 

3-3/4 

3 

i 

2 

i 

4 

27 

7  to  14 

isoo 

8 

20 

5/16 

3 

5 

i 

2-1/2 

1-1/2 

5 

105 

26  to  52 

1  6 

34 

7/16 

4-1/4 

8 

i 

3-1/2 

2 

6-1/2 

229 

57  to  114 

6000 

i 

6 

«  10 

3-3/4 

3 

i 

2 

1 

4 

27 

7  to  14 

3 

12 

5/  16 

3 

4 

i 

1-1/2 

1-1/2 

4 

52 

13  to  26 

49 


TABLE  2 !  . 


V-BAND-CONNECTOR  ASSEMBLY- TIME  ESTIMATES 


Pressure , 
psi 

Tube 

Diameter , 
in. 

No. 

Nuts 

Size 

Nut  Turns 

to 

Seat 

Seal 

Hand 

Assembly 

Single 

Seal 

Seating 

Nut  ATU 
Preload 
Torque 

Total 

Total 

ATU 

Time 
Range , 
min 

i 

6 

§  10 

7 

1/2 

5 

1/2 

6 

36 

9  to  18 

100 

8 

6 

5/16 

5 

1 

4 

1 

6 

36 

9  to  18 

16 

6 

7/16 

8 

1-1/2 

6 

1-  1/2 

9 

54 

14  to  28 

1 

6 

U  io 

7 

1/2 

b 

1/2 

6 

36 

9  to  18 

1500 

8 

6 

3/4 

3-1/2 

1 

6 

1 

8 

48 

12  to  24 

16 

6 

1-1/4 

5 

1-1/2 

9 

1-1/2 

12 

72 

18  to  36 

6000 

1 

6 

1/4 

6-1/2 

1/2 

5 

1/2 

6 

36 

9  to  18 

3 

6 

5/8 

4 

1 

5 

1-1/2 

7-1/2 

45 

12  to  24 

TABLE  22.  BREECH- TYPE- CONNECTOR  ASSEMBLY-TIME  ESTIMATES 


Tube 

Pressure,  Diameter, 

psi  in. 


Joint  Attach 

Hand  Special  Seat  Preload  Lock  Remove 

Assembly  Tool  Seal  Joint  Joint  Tool 


1 

2 

Not  reqd. 

2 

2 

100 

8 

2 

16 

14 

2 

16 

4 

24 

40 

4 

1 

2 

Not  reqd. 

2 

2 

1500 

8 

2 

16 

14 

8 

16 

4 

24 

40 

16 

6000 

1 

2 

8 

2 

2 

3 

3 

8 

4 

2 

6 

10 


6 

10 

4 

4 


Total 

ATU 

Time 
Range , 
min 

8 

2  to  4 

46 

12  to  24 

92 

23  to  46 

8 

2  to  4 

52 

1 3  to  26 

104 

26  to  52 

20 

5  to  10 

24 

6  to  1 2 

TABLE  23.  THREADED-FLANGE-CONNECTOR  ASSEMBLY-TIME  ESTIMATES 


Prei«ure , 

P*i 

Tube 

Diameter, 

in. 

Joint 

Hand 

Assembly 

Attach 

Special 

Tool 

Seat 

Seal 

Preload 

Joint 

Remove 

Tool 

Total 

ATU 

Time 

Range, 

min 

100 

1 

2 

No.  reqd. 

2 

2 

«!» 

6 

1-1/2  to  3 

8 

4 

It 

14 

2 

6 

42 

1  1  to  22 

16 

8 

24 

40 

4 

10 

86 

2  1  to  42 

1500 

1 

2 

Not  reqd. 

2 

2 

6 

1-1/2  to  3 

8 

4 

16 

14 

8 

6 

48 

12  to  24 

16 

8 

24 

40 

16 

10 

98 

25  to  50 

6000 

1 

2 

8 

2 

2 

4 

18 

4-1/2  to  9 

3 

3 

8 

4 

2 

4 

21 

5  to  10 

TABI  E  24.  SUMMARY  OF  ASSEMBLY- TIME  ESTIMATES 


Pressure  , 
psi 

Tube 

Diame  te  r , 
in. 

Bolted 

Flange 

Compression 

Collar 

Threaded 

Flange 

Breech 

Type 

Segmented 

V-Band 

100 

1 

9  min 

10  min 

2  min 

3  min 

14  min 

8 

45  min 

39  min 

16  min 

18  min 

14  min 

16 

1  hr  45  min 

1  hr  20  min 

3)  min 

35  min 

21  min 

1500 

1 

9  min 

10  min 

2  min 

3  min 

14  min 

8 

42  min 

39  min 

18  min 

19  min 

18  min 

16 

1  hr  45  min 

1  hr  25  min 

38  min 

39  min 

27  min 

6000 

1 

9  min 

10  min 

7  min 

8  min 

14  min 

3 

18  min 

19  min 

8  min 

9  min 

18  min 

The  threaded-flange  connector  shows  the  lowest  time  requirement  for  the  largest 
range  of  system  parameters.  The  V-band  connector  requires  slightly  lower  assembly 
times  in  tube  diameters  from  8  to  16  inches  at  system  pressures  of  1500  psi  and  below. 

Conclusions  and  Recommendations.  On  the  basis  of  the  investigations  described 
above,  the  following  conclusions  were  reached: 

(1)  Optimized  conventional  integral-  and  loose-ring-flange  con¬ 
nectors  will  be  lighter  in  weight  than  most  flanged  connectors 
that  might  be  developed  from  nonconventional  configurations. 

(2)  Nonconventional  threaded- flange  connectors  offer  the  promise 
of  a  weight  savings  of  up  to  25  percent  as  compared  with  con¬ 
ventional  flanged  connectors. 

(3)  The  successful  development  of  large,  threaded-flange  connectors 
depends  on  the  development  of  easily  used  assembly  tools. 

The  following  recommendations  were  made  concerning  the  development  of  flanged 
connectors  during  the  remainder  of  the  program: 

(1)  Conventional  integral-  and  loose-ring-flange  connectors  should 
be  developed  for  all  sizes  and  service  conditions. 
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(2)  With  funds  in  addition  to  those  allocated,  a  parallel  program 
should  be  undertaken  to  develop  large  threaded-flange  con¬ 
nectors  and  appropriate  assembly  tooling.  This  development 
could  be  undertaken  in  the  following  major  steps;  (a)  the  de¬ 
sign  of  representative  connectors  and  associated  assembly 
tools  and  (b)  the  fabrication  and  field  evaluation  of  selected 
connectors  and  assembly  tools. 


Investigation  of  Connector 
Thermal  Gradients 

As  described  in  Technical  Documentary  Report  No.  AFRPL-TR-65-  162,  a  separ¬ 
able  connector  can  achieve  very  low  helium  leakage  rates  over  a  wide  temperature  range 
only  if  the  connector  design  can  accommodate  the  effects  of  thermal  gradients.  This 
degree  of  design  sophistication  is  not  usually  required  for  connectors  containing  liquids, 
and  as  a  result,  most  separable-connector  designs  do  not  include  a  detailed  thermal- 
gradient  analysis.  The  development  of  such  an  analysis  technique  for  the  AFRPL 
threaded  connectors  is  believed  to  be  a  major  reason  for  the  success  of  the  connector  in 
maintaining  low  gas  leakage  over  large  temperature  ranges.  Consequently,  the  de¬ 
cision  was  made  to  incorporate  a  thermal-gradient  analysis  in  the  design  procedure  for 
flanged  connectors. 

The  effects  of  thermal  gradients  on  a  connector  are  strongly  dependent  on  the  con¬ 
figuration  and  operating  principles  of  the  connector.  As  discussed  previously,  the 
Bobbin  seal  specifically  incorporates  a  feature  to  minimize  the  effect  of  changes  in  axial 
load  on  the  effectiveness  of  the  seal.  Because  of  the  complex  configuration  of  flanged 
connectors,  a  theoretical  analysis  of  heat  transfer  in  a  connector  iB  not  only  very  costly, 
but  is  also  subject  to  significant  inaccuracies.  Thus,  the  decision  was  made  to  estimate 
the  connector  thermal  gradients  by  making  temperature  measurements  on  connector 
parts  similar  to  those  expected  for  the  final  connectors. 

Experiments  With  Flange  Segments.  The  initial  thermal-gradient  tests  were  con¬ 
ducted  with  bolted  flange  segments.  The  use  of  segments  that  were  sized  to  simulate  a 
typical  portion  of  a  connector  flange  greatly  reduced  not  only  the  cost  of  the  parts  but 
aU  o  the  cost  of  the  tests.  It  was  believed  that  the  results  of  these  tests  would  facilitate 
the  selection  of  optimum  connector  proportions.  The  details  of  the  segments  are  shown 
in  Figures  36  and  37.  Two  segments  of  each  size  were  bolted  together,  and  thermo¬ 
couples  were  attached  to  the  bolt  and  to  the  segment  as  shown  in  Figure  38.  The  sides 
of  the  segments  were  insulated,  and  the  surface  simulating  the  inside  surface  of  the  con¬ 
nector  and  the  tube  wall  was  subjected  to  hot  and  cold  fluid  temperatures  according  to 
the  required  connector  temperature  limits. 

Figure  39  shows  the  thermocouple  readings  when  the  inner  surface  of  a  simulated 
high-pressure,  stainless  steel  connector  was  placed  in  contact  with  liquid  nitrogen.  The 
sudden  drop  in  temperature  near  TC-6  after  11  minutes  was  attributed  to  increased  heat 
transfer  between  the  nitrogen  and  the  connector  as  local  boiling  of  the  nitrogen  subsided. 
The  decision  was  made  to  mount  the  simulated  connector  in  a  vertical  position  to  permit 
the  bubbles  to  escape  more  readily  and  more  closely  simulate  a  flowing  liquid. 

Figures  40,  41,  and  42  show  typical  results  for  vertically  mounted  specimens.  The 
average  flange  temperatures  were  obtained  from  the  arithmetic  average  of  four  thermo¬ 
couples  in  the  flange  segments.  One  thermocouple  located  in  the  center  of  the  bolt  was 


52 


TIC 

Dl*m 

in. 

Prcuure. 

p*i 

A 

8‘ 

■ 

D 

« 

m 

H 

H 

J 

K 

No  of 

Sim  Bold 

o' 

Sim.  Flange 

1 

6000 

0 

27-  1/2 

0.  68 

IBS 

0.  149 

3.  87 

KZ3 

0.  12 

0  201 

0  19 

6 

60 

3 

6000 

m 

17-1/2 

1.  32 

0.  94 

0  44 

2.  95 

1.55 

0  15 

0.  397 

0  34 

10 

36 

1 

4000 
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4.  00 
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3 
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36 

1 
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FIGURE  36.  DETAILS  OF  SEGMENTS  FOR  THERMAL -GRADIENT  TESTS  FOR 
SIMULATED  TYPE  347  STAINLESS  STEEL  BOLTED  FLANGES 
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FIGURE  37.  DETAILS  OF  SEGMENTS  FOR  THERMAL-GRADIENT  TESTS  FOR 
SIMULATED  1500-PSI  6061  ALUMINUM  BOLTED  FLANGES 
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Thermocouples  in  bolt 


FIGURE  39.  RESULTS  OF  THERMAL- GRADIENT  TESTS  WITH  FLANGE 
SEGMENTS  SIMULATING  A  3-INCH,  6000- PSI,  TYPE  347 
STAINLESS  STEEL.  CONNECTOR 
(Test  Run  No.  < 


used  to  measure  the  bolt  temperature,  The  results  showed  that  a  significantly  greater 
thermal-gradient  problem  exists  with  stainless  steel  connectors  than  with  aluminum  con¬ 
nectors,  The  tests  also  showed  that  it  would  be  undesirable  to  use  steel  bolts  with  alumi¬ 
num  connectors  despite  their  higher  strength  and  greater  resistance  to  damage  due  to 
handling.  Figure  43  shows  the  maximum  temperature  difference  measured  for  different 
sizes  of  aluminum  and  stainless  steel  connector  flange  segments  when  in  contact  with 
liquid  nitrogen  and  boiling  water. 

Experiments  With  Connectors .  Thermal-gradient  measurements  were  made  with 
2-  and  3-inch  connector  assemblies  made  of  Type  347  stainless  steel  and  6061-T6 
aluminum  in  both  integral  and  loose-ring  configurations.  For  the  integral-flange  as¬ 
sembly,  measurements  were  made  of  the  temperatures  at  the  Bobbin  seal  tang,  the 
integral  flange  at  the  bolt  circle,  and  the  bolt  shank  between  the  flanges.  For  the  loose¬ 
ring  assembly,  temoeratures  were  measured  at  the  Bobbin  seal  tang,  the  outside  diam¬ 
eter  of  the  stub  flange,  the  loose  ring  at  the  boll  circle,  and  the  bolt  shank  midway 
between  the  flanges.  Table  25  shows  the  results  of  the  tests.  A  comparison  of  the 
integral-flange -to-bolt  temperature  differences  for  the  3-inch  aluminum  and  stainless 
steel  connectors  in  Table  25  (35  F  and  55  F,  respectively)  shows  good  correlation  with 
the  values  measured  for  the  3-inch-connector  flange  segments  shown  in  Figure  43b  and 
d  (25  F  and  62  F,  respectively). 

TABLE  25.  RESULTS  OF  THERMAL-GRADIENT  MEASUREMENTS 
FOR  CONNECTOR  ASSEMBLIES  AT  ROOM  TEMPER¬ 
ATURE  EXPOSED  TO  LIQUID  NITROGEN 


Tube 

Diameter, 

in. 

Flange 

Type 

Material 

Temperature  Difference,  F 

Seal 

to 

Integral 

Flange 

Integral 

Flange 

to 

Bolt 

Seal 

to 

Stub 

Flange 

Stub 
Flange 
to  Loose 
Ring 

Loose 

Ring 

to 

Bolt 

3 

Integral 

Type  347  SS 

70 

55 

2 

Integral 

Type  347  SS 

30 

49 

3 

Integral 

6061-T6  A1 

60 

35 

2 

Integral 

6061-T6  A1 

30 

50 

3 

Loose  Ring 

Type  347  SS 

65 

65 

75 

2 

Loose  Ring 

Type  347  SS 

35 

60 

60 

3 

Loose  Ring 

6061-T6  A1 

30 

30 

48 

2 

Loose  Ring 

6061-T6  Al 

40 

32 

34 

Deflection  Measurements.  Measurements  were  made  of  the  deflections  in  the 
flanges  of  the  2-  and  3-inch  aluminum  and  stainless  steel  connectors  subjected  to  liquid 
nitrogen  temperatures.  The  connectors  were  assembled  and  the  bolts  were  stressed  to 
selected  preload  levels.  When  the  connectors  were  filled  with  liquid  nitrogen,  the  de¬ 
flections  of  the  flange  elements  were  measured  to  determine  the  effects  of  the  thermal 
gradients.  The  results  of  these  measurements  are  shown  in  Figures  44  through  47. 

As  shown  in  Figure  44.  when  the  3-inch,  Type  347  stainless  steel,  integral  flanged 
connector  was  cooled,  the  thermal  gradients  caused  the  flange  elements  to  rotate 
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FIGURE  43.  212  F  AND  -323  F  THERMAL- GRADIENT  TEST  RESULTS 

FOR  1 500-  PSI  ALUMINUM  AND  STAINLESS  STEEL 
CONNECTOR  FLANGE  SEGMENTS 
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FLANGE  DEFLECTION  FOR  3- INCH,  1500-PSI,  STAINLESS 
STEEL  INTEGRAL- FLANGE  CONNECTOR 


FLANGE  DEFLECTION  FOR  3-INCH,  1500-PSI  STAINLESS 
STEEL  LOOSE- RING- FLANGE  CONNECTOR 


FLANGE  DEFLECTION  FOR  3-INCH,  1 500- PSI  ALUMINUM 
INTEGRAL- FLANGE  CONNECTOR 
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FIGURE  47.  FLANGE  DEFLECTION  FOR  3- INCH,  1500- PSI  ALUMINUM 
LOOSE -RING- FLANGE  CONNECTOR 


FIGURE  48.  PRESSURE  PLUS  BENDING  LOADS  (AXIAL)  FOR  TYPE  347 
STAINLESS  STEEL  TUBE  CONNECTORS 


conversely  to  the  direction  of  rotation  during  bolt-up.  This  resulieu  irom  axial  shrinkage 
of  the  seal  and  the  flange  plus  radial  shrinkage  ol  the  tube  adjacent  to  the  flange.  Thus, 
in  the  flange-design  program,  it  appeared  necessary  to  account  for  the  effects  of  thermal 
gradients  in  the  ladial  direction  as  well  as  in  the  axial  direction. 


Inve s tigation  of  Bolt  Paramete r s 

A  survey  was  made  of  the  technical  literature  available  at  Battelle -Columbus  on 
bolted  fasteners.  Approximately  120  references  were  selected  and  cataloged.  Also, 
about  23  reports  on  material  properties  were  surveyed  and  cataloged.  Catalogs  and 
technical  literature  on  other  types  of  fasteners  were  included  in  the  information  survey. 
Although  several  interesting  types  of  fasteners  were  identified,  it  was  decided  that  no 
fastener  configuration  seriously  challenged  nut  and  bolt  fasteners  for  the  conventional 
integral-  and  loose -ring-flange  connectors  that  were  selected  for  development. 

Preliminary  Investigation  of  Fasteners  for  Stainless  Steel  Connectors.  Preliminary 
calculations  for  estimating  fastener  loads  per  inch  of  connector  circumference  were  made 
on  the  basis  of  the  system  requirements  given  in  Table  10.  Tentative  values  of  the  axial 
loads  due  to  pressure  and  bending  that  must  be  sustained  by  the  fasteners  for  Type  347 
stainless  steel  tubing  systems  are  given  in  Figure  48. 

The  strengths  of  bolt-nut  fasteners  were  obtained  from  catalog  data  for  commer- 
ially  available  socket-head-type  bolts  with  an  ultimate  tensile  strength  of  the  order  of 
190,000  psi.  Figure  49  shows  the  strength/weight  ratios  for  these  fasteners  using  three 
different  bolt  spans  or  grips.  It  can  be  seen  that  the  smaller  bolt  sizes  give  a  somewhat 
better  strength/weight  ratio.  Figure  50  shows  the  tensile  load  that  can  be  sustained  by 
bolt-nut  fasteners  made  from  A286,  on  the  basis  of  data  published  in  NASA  CR-357^. 
Preliminary  selections  of  A286  bolt  sizes  for  the  three  high-pressure  service  ranges  are 
listed  in  Table  26. 

Preliminary  Investigation  of  Fasteners  for  Aluminum  Connectors.  A  search  was 
made  for  suppliers  of  high-strength  aircraft-quality  aluminum  bolts,  and  for  information 
on  bolt  yield  strength  at  200  F  and  -400  F.  Fastener  supply  companies  and  fastener 
manufacturers  were  contacted.  Several  companies  could  supply  6061-T6  aluminum  bolts, 
and  a  few  could  supply  2024- T4  aluminum  bolts  from  stock,  but  none  could  supply  higher 
strength  alumi  num  bolts  from  stock.  None  of  the  companies  contacted  could  supply  in¬ 
formation  on  bolt  yield  strength  for  any  of  the  alloys  at  the  desired  temperatures  or  at 
room  temperature. 

A  preliminary  estimate  was  made  of  the  axial  loads  that  must  be  sustained  by  the 
fasteners  for  the  6061-T6  aluminum  connectors.  An  estimate  was  made  of  the  tensile- 
load  capability  of  2024-T4  aluminum  bolts  in  sizes  from  1/4  to  7/8  inch,  as  illustrated 
in  Figure  51.  Table  27  shows  the  preliminary  seie<  >n  made  of  the  bolt  size  and  num¬ 
ber  required  for  bolted  flanged  connectors  for  1500-p'i  aluminum  connectors. 

Two  quotations  were  obtained  for  7075  aluminum  bolts,  as  shown  in  Table  28.  It 
appeared  possible  to  ol.  ain  bolts  of  the  diameter  and  length  required  for  the  connectors 
in  AN  300  series  7075-T73  aluminum  with  a  NAS  624-type  12-point  head.  Commercial- 
quality-aluminum  bolts  in  alloy  7075-T6  manufactured  in  compliance  with  American 
Standard  B  18.  2-  1  955  alsi  appeared  to  be  available  ae  required.  However,  it  was  con¬ 
cluded  that  the  use  of  707  5  aluminum  bolts  for  the  connectors  would  impose  a  substantial 
cost  !is advantage . 
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FIGURE  49.  STRENGTH/ WEIGHT  RATIOS  FOR  UNF  SOCKET-HEAD  CAP 
SCREWS  WITH  LIGHT  HEX  FULL- HEIGHT  LOCK  NUT  AND 
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FIGURE  50.  FASTENER  LOAD  CAPACITY  (A286  BOLT  AND  NUT) 
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FIGURE  51.  FASTENER  LOAD  CAPACITY  (2024-T4  ALUMINUM) 
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TABLE  26.  PRELIMINARY  SELECTION  OF  A286  BOLT  SIZES 
FOR  STAINLESS  STEEL  CONNECTORS 


Tube 

Diameter, 

in. 

6000-Psi, 

200  F  System 

4000-Pai, 

600  F  System 

1 500-Psi, 

200  F  Syetem 

Bolt 

Size 

No.  of 

Bolts 

Bolt 

Size 

No.  of 
Bolts 

Bolt 

Size 

No.  of 
Bolts 

1 

No.  10 

6 

No.  10 

6 

No.  10 

6 

2 

5/16" 

8 

1/4" 

8 

No.  10 

6 

3 

3/8" 

10 

5/16" 

10 

1/4" 

8 

4 

5/16" 

8 

5 

5/16" 

10 

6 

3/8" 

12 

7 

3/8" 

14 

8 

3/8" 

16 

9 

3/8" 

20 

10 

3/8" 

24 

)  1 

1/2" 

20 

12 

1/2" 

22 

13 

1/2" 

24 

14 

1/2" 

26 

15 

1/2" 

30 

16 

1/2" 

32 

TABLE  27.  PRELIMINARY  SELECTION  OF  2024-T4  ALUMINUM 
BOLT  SIZES  FOR  1500-PSI,  200  F,  6061-T6 
ALUMINUM  CONNECTORS 


Tube  Diameter,  in. 

No.  of  Bolts 

Size  of  Bolts 

1 

6 

1/4-28 

2 

6 

5/16-24 

3 

8 

3/8-24 

4 

10 

1/2-20 

5 

12 

1/2-20 

6 

14 

9/16-18 

7 

16 

9/16-18 

8 

18 

5/8-18 

9 

20 

5/8-18 

10 

22 

5/8-18 

11 

20 

3/4-16 

12 

24 

3/4-16 

13 

26 

3/4-16 

14 

24 

7/8-14 

15 

26 

7/8-14 

16 

30 

7/8-14 
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TABLE  28.  QUOTED  COST  OF  7075  ALUMINUM  BOLTS 


7075-T73  AN3DD  Series 

7075-T6  American 
Standard  B18. 2-1955 

Cost  per 

Cost  per 

Size 

100  Lb,  $ 

Size 

100  Lb,  $ 

BM9138-4-7 

439. 00 

1/4-28  x  3/4 

49.  70 

BM9138-6-20 

524.40 

3/8-24  x  2 

46.00 

BM9138-8-30 

593. 00 

1/2-20  x  3 

53.  35 

BM9138-  10-40 

844. 20 

5/8-18  x  4 

83.  50 

BM9138-  12-54 

1067.  10 

3/4-16  x  6 

140. 00 

BM9138-14-67 

1863.  00 

7/8-14  x  7 

168.  00 

Preliminary  Consideration  of  Threaded-Fastener  Parameters.  A  study  was  made 
of  published  information  on  such  factors  as  preload,  fatigue  failure,  vibration  resistance, 
corrosion  resistance,  surface  finish,  hardness,  lubrication,  fastener  stiffness,  and  the 
effect  of  successive  tightenings. 

Three  methods  of  predicting  bolt  preload  or  tension  are  commonly  used:  (1)  mea¬ 
suring  the  applied  torque,  (2)  measuring  the  fastener's  extension,  and  (3)  estimating  the 
amount  of  nut  rotation.  Patented  configurations  have  begun  to  appear  recently,  which  are 
based  on  the  yielding  of  a  part  of  the  bolt-nut  assembly.  Measurement  of  the  applied 
torque  is  the  method  most  often  used,  although  some  of  the  new  designs  show  considerable 
promise.  Price  and  Trask^'  investigated  the  following  factors  and  their  effect  on  bolt 
tens  ion: 

(1)  Structure  material 

(2)  Bolt  grip  length 

(3)  Lubricant 

(4)  End  of  fastener  turned 

(5)  Number  of  successive  tightenings. 

Variations  in  the  structural  materials  showed  little  difference  in  the  bolt  torque  for 
lubricated  parts.  However,  steel  bolts  mated  with  a  titanium  structure  showed  higher 
torques  than  steel  bolts  mated  with  an  aluminum  or  steel  structure  for  nonlubricated,  as- 
received  parts.  The  maximum  bolt  load  on  aluminum  structures  and  other  low  compres¬ 
sive  yield  materials  is  limited  by  local  deformations  of  the  structure  at  the  area  of  con¬ 
tact  with  the  bolt  head  and  nut.  The  grip  length  and  the  end  of  the  fastener  to  which 
tightening  torque  is  applied  had  little  effect  on  the  torque-preload  relationship. 

Lubrication  of  the  mating  parts,  however,  had  a  significant  effect  on  the  torque 
required  to  produce  a  specified  bolt  load.  The  torque  required  to  stress  a  nonlubricated 
(specimens  as-received)  3/4-inch  bolt  to  100,000  psi  was  5140  lb-in.  This  torque  was 
2590  lb-in.  when  the  specimen  was  lubricated.  Price  and  Trask  noted  similar  results 
at  other  stress  levels  for  3/4-inch  and  1/4-inch  fasteners. 

A  computational  method  for  relating  bolt  torque,  stress,  and  diameter  was  sug¬ 
gested  by  these  investigations.  The  ratio  R  as  determined  by  Equation  (13)  was  used: 
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(13) 


where 


Tc  =  torque,  lb-in. 

£>b  -  bolt  diameter,  in. 

S  =  axial  stress  in  bolt,  psi. 

A  factor  of  1000  was  used  for  convenience  in  locating  the  decimal  point.  Values  of  R 
were  calculated  by  Price  and  Trask  for  1 /4-inch  and  3/4-inch  steel  bolts  for  lubricated 
and  as-received  conditions  for  three  stress  levels.  These  values  are  shown  in  Table  29. 

TABLE  29.  RATIO  R  FOR  1/4-INCH  AND  3/4-INCH  STEEL  BOLTS 


Bolt  Stress, 
psi 

R  (Lubricated) 

R  (As 

Received) 

1/4  In. 

3/4  In. 

174  In. 

3/4  In. 

100, 000 

3.  52 

3.48 

8.24 

6.00 

120, 000 

3.  57 

3.  59 

8.29 

5.98 

140,  000 

3.60 

3.  66 

8.  51 

5.92 

For  lubricated  fasteners  the  value  of  R  was  nearly  the  same  for  1/4-inch  bolts  as 
it  was  for  3/4-inch  bolts  when  the  bolts  were  stressed  to  the  same  axial  stress  level. 

The  change  in  R  with  changes  in  stress  level  was  also  small.  When  the  formula  was 
applied  to  bolts  in  the  nonlubricated  or  as -received  condition,  however,  the  ratio  was  not 
constant  for  different  bolt  sizes. 

Repeated  installation  of  threaded  fasteners  was  found  to  have  a  significant  effect  on 
the  torque-tension  ratio.  Repeated  installation  for  as-received  fasteners,  in  general, 
required  higher  torque  for  a  given  tension  than  was  required  on  the  first  installation.  The 
installation  torque  for  lubricated  fasteners  was  reported  to  be  essentially  constant  after 
the  second  assembly.  This  effect  is  shown  in  Table  30.  All  torques  are  for  an  axial 
stress  of  100,  000  psi  in  the  bolt.  The  lock-nut  torque  shown  is  the  torque  required  to 
turn  the  lock  nut  with  no  axial  load  on  the  bolt. 

From  the  report  by  Price  and  Trask,  it  can  be  concluded  that  the  use  of  lubricated 
fasteners  permits  relatively  accurate  prediction  of  bolt  tension  and  reliable  reuse  of  bolt 
and  nut. 

Other  investigations,  however,  have  shown  that  lubrication  tends  to  reduce  the 
vibration  resistance  of  threaded  fasteners  to  a  marked  degree.  One  comparison^'  of 
the  effect  of  vibration  for  lubricated  versus  nonlubricated  fasteners  shows  that  lubricated 
fasteners  lost  all  preload  after  1000  to  2000  cycles,  while  nonlubricated  fasteners  held 
for  the  duration  of  the  test  extending  to  125,  000  cycles.  The  nuts  used  were  plain  nuts. 

In  other  tests,  various  lock  nuts  were  evaluated  for  vibration  resistance.  These  included 
nonmetallic  insert,  beam  type,  distorted  thread,  castellated,  and  plain.  Of  these,  the 
nonmetallic -inse rt  type  performed  best,  with  the  beam  type  performing  next  best.  Castel 
lated  types  and  those  with  a  distorted  thread  were  less  effective  in  resisting  the  effects  of 
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TABLE  30.  EFFECT  OF  REPEATED  ASSEMBLY  ON  TIGHTENING 
TORQUE  FOR  STEEL  BOLTS(a> 


Total  Tightening  Torque  and  Torque 

to  Turn  Lock  Nut  Alone,  lb -in. 

First  Installation 

Second  Installation 

Third 

Installation 

Fourth  Installation 

Total 

Lock-Nut 

Total  Lock-Nut 

Total 

Lock-Nut 

Total 

Lock-Nut 

Torque 

Torque 

Torque  Torque  Torque 

T  orque 

Torque 

Torque 

1 /4-Inch  Fastener  Lubricated 

88 

24 

68  6 

71 

6 

63 

6 

95 

12 

65  5 

62 

4 

65 

3 

88 

8 

60  3 

54 

- 

57 

- 

82 

19 

68  5 

64 

5 

66 

3 

89 

11 

62  4 

68 

4 

60 

4 

183 

18 

286  24 

357 

24 

- 

- 

244 

28 

360  27 

- 

- 

- 

- 

253 

35 

378  35 

- 

- 

- 

- 

237 

27 

350  24 

- 

- 

- 

- 

179 

6 

295 

377 

- 

408 

- 

3 /4-Inch  Fastener  Lubricated 

2590 

•» 

2550 

2450 

_ 

2400 

— 

2530 

- 

2220 

2030 

- 

2040 

- 

2590 

- 

2320 

2370 

- 

2240 

- 

2800 

- 

2350 

2240 

- 

2180 

- 

2550 

- 

2240 

2140 

- 

1990 

- 

3/4-Inc.h  Fastener  As  Received 

5140 

180 

5780  130 

6090 

100 

6250 

80 

4960 

180 

6450  100 

6720 

80 

6940 

50 

4500 

230 

5960  130 

7020 

100 

6610 

80 

3700 

180 

3830  100 

4220 

100 

4500 

80 

4290 

180 

4010  80 

4370 

“ 

4550 

“* 

(*)  From  National  Bureau  of  Standards  Report  7308,  "The  Relation  Between  Torque  and  Tension  for  High  Strength 
Threaded  Fasteners",  J.  1.  Price  and  D.  K.  Trask. 


vibration.  In  general,  high  installation  torque  for  a  given  bolt  stress  level  will  give  the 
highest  resistance  to  vibration.  The  results  of  another  investigation^  indicated  that  if 
a  fastener  system  meets  room -temperature  vibration  requirements,  it  should  present  no 
problems  at  cryogenic  temperatures. 

The  fatigue  of  bolted  fasteners  has  received  much  attention^®- in  recent  years. 
The  most  important  factor  is  the  preload  of  the  bolt.  Increasing  the  bolt  preload  has  the 
effect  of  reducing  the  minimum-to -maximum  stress  ratio.  Although  increasing  the  bolt 
preload  increases  the  mean  stress,  the  fatigue  strength  of  the  bolt  is  improved. 

One  study  of  the  fatigue  life  of  threaded  fasteners  as  affected  by  the  ratio  of  mini¬ 
mum  to  maximum  working  load  showed  that  the  fatigue  life  exceeded  2  million  cycles  for 
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a  ratio  of  0.  5,  dropped  to  200,  000  cycles  at  a  ratio  of  0.4,  and  dropped  further  to 
100,  000  cycles  for  ratios  below  0.  3.  The  angularity  of  the  bearing  surface  also  had  a 
marked  effect  on  fatigue  life.  An  angular  deviation  of  l  degree  reduced  the  fatigue  life 
by  38  percent  and  an  angular  deviation  of  2  degrees  caused  a  91  percent  reduction  in 
fatigue  life. 

Unengaged  threads  on  the  bolt  and  reuse  of  the  nut  each  have  been  shown  to  cause 
a  marked  effect  on  the  fastener  fatigue  life.  If  two  or  more  threads  are  unengaged  on  the 
bolt,  the  fastener  fatigue  life  is  about  three  times  as  great  as  that  in  an  installation  where 
the  nut  is  close  to  thread  run-out.  Reuse  of  stressed  nuts  has  been  shown  to  decrease 
the  fastener  fatigue  life  about  32  percent  on  the  first  reuse.  The  life  then  decreases  to 
about  50  percent  on  the  second  reuse  and  remains  at  this  level  for  repeated  reuse. 

The  relative  stiffness  of  the  bolt  and  bolted  assembly  were  major  factors  affecting 
the  fatigue  life  of  bolted  assemblies.  Fatigue  life  was  improved  for  bolts  with  relatively 
low  stiffness  by  designing  the  surrounding  structure  assembly,  including  the  washer, 
with  a  relative  high  stiffness.  Increasing  the  thread  root  radius  generally  improved  the 
fatigue  life.  Special  nuts,  designed  to  distribute  the  preload  along  the  nut,  are  apparently 
of  questionable  value  from  the  standpoint  of  fatigue  life.  Data  on  fatigue  life  for  these 
nuts  show  much  scatter,  but  generally  the  fatigue  life  is  somewhat  improved  by  the  use  of 
special  nuts. 

Nuts  having  a  nonmetallic  collar  insert  for  vibration  resistance  show  reduced  fa¬ 
tigue  life.  This  is  probably  due  to  a  reduced  number  of  threads  to  accommodate  the  col¬ 
lar  insert.  Higher  nut  height  generally  improves  fatigue  life.  The  use  of  a  lubricant 
also  improves  fatigue  life  but  reduces  vibration  resistance. 

The  effect  of  higher  temperatures  on  fastener  fatigue  life  is  both  good  and  bad. 

One  effect  of  higher  temperature  is  to  increase  creep  rate;  thus  the  higher  stressed 
portions  of  the  nut  relax,  giving  a  more  even  distribution  of  stress  along  the  nut  and, 
thereby,  increased  fatigue  life.  The  increased  creep  rate  at  higher  temperatures,  how¬ 
ever,  has  the  effect  of  reducing  bolt  preload,  decreasing  the  mi nimum- to -maximum - 
stress  cycle  ratio,  and  reducing  the  fatigue  life.  Additional  information  on  the  fatigue 
life  of  bolts  at  higher  temperatures  is  needed.  There  is  no  dependable  way  to  evaluate 
the  fatigue  properties  at  higher  temperatures  from  room- temperature  data. 

Chemical  methods  of  locking  threaded  fasteners  appear  to  be  of  questionable  value. 
Properly  applied  chemical  locking  uiethods  may  outperform  prevailing  torque  lock  nuts. 
However,  for  chemical  locking  compounds  to  perform  reliably,  the  compound  must  be 
applied  to  a  grease  and  oil-free  surface.  Since  manufacturing,  shipping,  and  assembly 
techniques  usually  require  the  use  of  oils,  it  becomes  necessary  to  clean  the  bolts  and 
nuts  before  using  chemical  locking  compounds. 

The  following  design  guidelines  are  suggested  for  reliable  bolted  joints: 

(1)  Use  bolts  and  nuts  of  as  high  a  strength  as  practical 

(2)  Beam-type  prevailing-torque  lock  nuts  are  preferred 

(3)  Use  a  predetermined  lubricant  and  lubricating  procedure 
when  installing  the  fastener 

(4)  Install  the  fastener  according  to  predetermined  torque-preload 
data 
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(5)  Install  the  fastener  with  the  highest  preload  consistent  with  the 
material's  strength  and  application 

(6)  Use  Class  3  threads 

(7)  Use  bolts  and  nuts  with  generous  thread-root  radius 

(8)  Use  hardened  washers  or  hardened  faces  on  the  structure  to 
eliminate  the  use  of  a  washer 

(9)  Bolts  may  be  reused  but  do  not  reuse  a  nut 

(10)  Maintain  at  least  two  full  threads  on  the  bolt  under  the  nut 

(11)  Periodically  retighten  all  fasteners  in  a  joint 

(12)  Use  a  bolt  with  a  coefficient  of  expansion  similar  to  the  joint 
in  which  the  bolt  is  used. 


Investigation  of  Stress -Relaxation 
Considerations 

Two  major  types  of  system  conditions  appeared  likely  to  bring  about  the  leakage  of 
a  connector  because  of  stress  relaxation.  One  was  the  system  with  a  maximum  operating 
temperature  of  1200  F.  Austenitic  stainless  steel  exhibits  a  noticeable  creep  rate  at 
this  temperature  and  it  was  obvious  that  connectors  designed  to  operate  at  this  temper¬ 
ature  would  have  to  sustain  considerable  creep  without  failure.  Furthermore,  the  oper¬ 
ating  time  of  each  connector  at  temperature  would  have  to  be  carefully  recorded.  A 
method  for  predicting  the  operational  life  of  such  connectors  was  developed  by  E.  C. 
Rodabaugh  and  M.  Cassidy  (see  Appendix  A)  on  a  NASA  program. 

Another  system  requirement  that  could  cause  stress -relaxation  problems  was  a 
storage  life  of  5  years  without  a  significant  increase  in  leakage.  This  condition  antici¬ 
pates  the  standby  requirement  of  missiles  with  occasional  evaluation  of  the  various 
missile  systems.  Although  the  normal  maximum  temperature  conditions  of  this  require¬ 
ment  are  only  200  F  (with  occasional  excursions  to  600  F  for  the  periodical  evaluation  of 
stainless  steel  systems),  the  compact  nature  of  flanged  connectors  does  not  provide  for 
large  amounts  of  preload  energy  storage.  Thus,  a  small  amount  of  creep  or  stress 
relaxation  in  the  connector  can  cause  large  changes  in  the  preload  conditions.  In  essence, 
the  decision  was  made  to  design  the  connectors  with  sufficiently  low  stresses  that  creep 
and  relaxation  would  be  negligible. 

Only  a  small  amount  of  long-term  creep  and  stress-relaxation  data  were  available 
for  the  materials  and  temperatures  of  interest.  Therefore,  an  experimental  program 
was  established  to  determine  allowable  design  stress  levels.  In  the  following  paragraphs 
the  nature  of  creep  and  relaxation  is  reviewed  briefly,  the  experimental  program  and  its 
results  are  described,  and  the  resulting  design  guidelines  are  defined  for  a  5-year-life 
requirement. 

Creep  and  Relaxation.  Although  closely  related,  creep  and  relaxation  are  dis¬ 
tinctly  different  effects.  Creep  is  the  tendency  for  material  to  exhibit  time -dependent 
strains  at  a  constant  stress  level;  i.  e.  ,  with  a  constant  force  on  a  bolt,  creep  will  be 
evidenced  by  a  gradual  increase  in  bolt  length.  Relaxation  is  the  reduction  of  stress  in 
time  under  a  constant  strain;  i.  e.  ,  for  a  bolt  tightened  between  two  rigid  flanges,  stress 
relaxation  will  result  in  a  gradual  reduction  in  bolt  load  without  a  change  in  the  assembled 
bolt  length.  Both  of  these  characteristics  are  typical  of  metals  at  elevated  temperatures. 
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The  four  primary  parameters  in  each  phenomenon  are  time,  temperature,  stress,  and 
rate  of  creep  or  relaxation. 

Current  creep  and  relaxation  theories  are  of  little  use  in  design  problems  except 
as  they  may  be  used  to  guide  the  organization  and  use  of  test  data.  With  current  theories, 
data  can  be  interpolated  with  a  fair  degree  of  confidence.  Some  data  can  be  extrapolated 
to  longer  time  periods  with  confidence.  However,  the  extrapolation  of  data  must  usually 
be  done  with  caution,  and  tests  simulating  the  actual  operating  conditions  should  be  con¬ 
ducted  if  possible. 

Most  creep  and  relaxation  tests  have  been  conducted  at  elevated  temperatures. 

The  materials  and  temperatures  of  interest  for  the  connectors  are  not  usually  thought 
of  as  conditions  in  which  creep  is  a  problem.  Recently,  for  some  requirements,  such 
as  the  long  flying  time  of  supersonic  transports  (36,  000  hours),  the  need  for  long-term, 
low-level  creep  data  has  been  identified,  and  special  machines  are  being  designed  and 
fabricated  to  obtain  such  data.  However,  the  measurement  of  small  amounts  of  creep 
and  relaxation  with  most  present  equipment  is  difficult  and  the  results  are  subject  to  a 
degree  of  inaccuracy.  A  significant  assist  in  this  problem  is  that  most  materials  are 
relatively  stable  at  low  temperatures  and  low  stress  levels,  and  a  straight-line  relation¬ 
ship  can  be  extrapolated  with  considerable  confidence.  At  elevated  temperatures,  in  the 
range  of  stresses  customarily  used  in  design,  it  has  been  found  that  plotting  the  stress 
versus  the  second-stage  or  minimum  creep  rate  produced  gives  an  approximate  straight 
line  on  a  log-log  plot. 

The  physical  mechanisms  causing  relaxation  in  a  material  are  believed  to  be  very 
nearly  the  same  as,  if  not  identical  to,  those  causing  creep.  For  this  reason  it  might 
seem  that  creep  data  could  be  used  to  predict  relaxation  data  accurately.  Unfortunately, 
stress  level  and  creep  rate  are  significant  factors  affecting  creep  behavior,  and  since 
stress  and  relaxation  rate  are  constantly  changing  in  a  component  experiencing  relaxa¬ 
tion,  a  large  amount  of  creep  data  rre  needed  to  make  accurate  relaxation  estimates. 

On  the  other  hand,  it  is  much  more  difficult  to  conduct  a  relaxation  test  than  a  creep  test 
because  of  the  relaxation  loading  and  measuring  requirements.  For  this  reason  methods 
have  been  developed  for  estimating  relaxation  from  creep  data. 

Summary  of  Available  Creep  and  Relaxation  Data.  Searches  were  made  for  creep 
and  relaxation  data:  (1)  on  6  061-T6  aluminum  at  room  temperature  and  at  200  F,  (2)  on 
Type  347  stainless  steel  at  200  F  and  600  F,  and  (3)  on  A286  at  200  F  and  600  F. 

Table  31  lists  data  supplied  by  one  manufacturer  for  6061-T6  at  75  F  and  212  F.  These 
data  are  compatible  with  data  from  two  other  sources.  No  information  was  obtained  on 
the  relaxation  of  6061-T6  aluminum.  Although  considerable  creep  data  are  available 
for  Type  347  stainless  steel  and  A286  at  temperatures  between  1000  F  and  1400  F,  no 
creep  data  were  obtained  at  room  temperature  and  600  F.  Likewise,  no  relaxation  data 
were  obtained  for  these  materials  at  those  temperatures. 

On  the  basis  of  the  available  theories  and  the  nature  of  Type  347  stainless  steel,  the 
higher  temperature  creep  information  cannot  be  used  to  predict  the  creep  behavior  at 
room  temperature  and  600  F.  The  creep  data  on  6061-T6  can  be  used  to  extrapolate  the 
effects  at  the  given  stress  levels  for  the  required  design  life  of  40,000  hours.  However, 
the  extrapolation  of  this  information  to  lower  stress  levels  was  not  believed  to  be  possible. 
Since  the  maximum  design  stress  level  in  the  connector  was  expected  to  be  below  the  yield 
strength,  it  was  not  possible  to  predict  the  creep  behavior  of  the  aluminum  at  most  of  the 
anticipated  design-stress  levels. 
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TABLE  31.  STRESS  RUPTURE  AND  CREEP  PROPERTIES 
FOR  6061-T6  ALUMINUM 


Temperatu  re , 
F 

Time  Under 
Stress,  hr 

Stress,  ksi,  for  Rupt 

ure  and  Cree 

p  in  Time 

Indicated 

Rupture 

1.  0%  Creep  0. 

5%  Creep  0. 

2%  Creep 

0.  1%  Creep 

75 

0.  1 

45 

45 

44 

43 

42 

1 

45 

45 

43 

42 

42 

10 

45 

44 

43 

42 

42 

100 

45 

44 

42 

42 

41 

1000 

45 

43 

42 

41 

41 

212 

0.  1 

41 

41 

40 

40 

40 

1 

40 

40 

40 

39 

38 

10 

39 

39 

39 

37 

36 

100 

58 

37 

37 

35 

34 

1000 

37 

36 

35 

33 

32 

Experimental  Determination  of  Creep  Data.  From  a  consideration  of  the  probable 
modes  of  missile  operation,  it  was  decided  that  the  connectors  would  remain  at  room 
temperature  except  for  those  brief  periods  when  the  missile  was  statically  operated.  On 
this  basis,  10  hours  was  selected  as  the  longest  time  that  a  connector  would  experience 
a  maximum  temperature.  Because  it  was  difficult  to  determine  when,  during  the  5 -year 
storage  period,  a  connector  would  experience  the  maximum  temperature,  the  most 
stringent  operational  requirement  was  selected  as  consisting  of  a  period  of  10  hours  at 
maximum  temperature,  followed  by  a  room -temperature  environment  for  5  years. 

Since  the  expected  period  of  high -temperature  operation  was  well  within  normal 
creep-testing  periods,  it  was  decided  that  specimen  tests  should  be  conducted  for  100 
hours.  The  additional  test  time  would  make  the  estimate  of  behavior  during  the  first 
10  hours  more  reliable.  For  the  aluminum,  six  stress  levels  were  selected:  35,  33, 

30,  25,  20,  and  15  ksi.  These  stress  levels  not  only  bracketed  the  expected  design 
stress  levels,  but  also  correlated  with  some  of  the  stress  levels  of  the  available  data. 
For  the  stainless  steel,  eight  stress  levels  were  selected:  50,  45,  40,  35,  30,  25,  20, 
and  15  ksi.  These  were  chosen  to  bracket  the  expected  design  levels  and  to  insure 
measurable  creep  at  the  higher  values.  To  provide  some  indication  of  material  stability, 
three  heats  were  tested.  Although  the  maximum  test  time  possible  was  10,000  hours,  it 
was  believed  that  data  obtained  uvt’-  this  period  could  be  used  to  extrapolate  behavior  to 
40,  000  hours . 

Tables  32  and  33  show  the  data  for  the  specimens  prepared  for  the  room- 
temperature  tests.  Foil  strain  gages  were  attached  to  the  room-temperature  specimens, 
reference  gage-length  measurements  were  made  for  each  specimen,  and  the  specimens 
were  stressed  in  a  multiple-lever-arm  system.  The  desired  stress  on  each  specimen 
was  obtained  by  varying  the  cross  sectional  area  of  the  specimens.  Thus,  different 
stresses  could  be  obtained,  although  one  lever  arm  was  used  to  load  several  specimens 
in  series.  The  elevated-tempe rature  tests  were  conducted  in  standard  creep-test 
machines. 
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TABLE  32.  10,000-HOUR  CREEP  TESTS,  THREE  HEATS  FOR  EACH 

MATERIAL,  TWO  SPECIMENS  TOR  EACH  HEAT 


Mate  rial 

Stress, 

ksi 

Specimen 
Diameter,  i 

n.  String 

Number  of 
Specimens 

347  SS 

50 

0. 2500 

1 

6 

347  SS 

45 

0.  2635 

1 

6 

347  SS 

40 

0.  2798 

1 

6 

347  SS 

35 

0. 2500 

2 

6 

6061-T6  A1 

35 

0. 2500 

2 

6 

6  061-T6  Al 

33 

0. 2580 

2 

6 

347  SS 

30 

0. 2500 

3 

6 

347  SS 

25 

0. 2740 

3 

6 

6061-T6  Al 

30 

0. 2500 

3 

6 

347  SS 

20 

0. 2500 

4 

6 

347  SS 

15 

0.2890 

4 

6 

6  061-T6  Al 

15 

0. 2890 

4 

6 

6061-T6  Al 

25 

0.2500 

5 

6 

6061-T6  Al 

20 

0. 2798 

5 

6 

TABLE  33. 

100-HOUR 

CREEP  TESTS, 

THREE  HEATS 

FOR  EACH 

MATERIAL,  ONE  SPECIMEN  FOR  EACH  HEAT, 
0.  2500-DIAMETER  CAGE  SECTION 


Material 

Test 

Temperature, 

F 

Stress, 

ksi 

Number  of 
Specimens 

6061-T6 

200 

15 

3 

6061-T6 

200 

20 

3 

606  1-T6 

200 

25 

3 

6061-T6 

200 

30 

3 

6061-T6 

200 

33 

3 

6061-T6 

200 

35 

3 

347  SS 

600 

15 

3 

347  SS 

600 

20 

3 

347  SS 

600 

25 

3 

347  SS 

600 

30 

3 

347  SS 

600 

35 

3 

347  SS 

600 

40 

3 

347  SS 

600 

45 

3 

347  SS 

600 

50 

3 
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i 00-Hour  Creep  Data  for  6061-T6  Aluminum  at  2  00  F.  Figures  52  through  58  show 
the  resuits  of  the  100-hour  creep  tests  for  606  1-T6  aluminum  at  200  F.  Total  strain  in¬ 
cludes  the  elastic  strain,  the  initial  plastic  strain,  and  the  creep  strain.  The  initial 
point  on  each  curve  is  the  first  strain  reading  taken  after  application  of  the  load,  and 
represents  the  total  elastic  and  initial  plastic  strain.  Continued  increase  in  strain  with 
increasing  time  represents  creep  strain. 

It  was  concluded  from  these  data  that  operational  stress  levels  should  be  kept  below 
30  ksi.  The  variation  between  the  three  materials  was  not  unusual,  and  the  data  were 
averaged  to  obtain  a  design  basis. 

100-Hour  Creep  Data  for  Type  347  Stainless  Steel  at  600  F.  Figures  59  through  65 
show  the  results  of  the  100-hour  creep  tests  for  Type  347  stainless  steel  at  600  F.  The 
data  are  reported  in  the  same  manner  as  for  6061-T6  aluminum.  As  indicated,  no  creep 
strain  occurred  at  a  stress  level  of  35  ksi  for  any  of  the  specimens.  Since  the  design 
stress  levels  for  the  connector  were  not  expected  to  exceed  35  ksi,  it  was  concluded 
that  creep  and  relaxation  would  not  be  a  problem  for  the  expected  10-hour  elevated- 
temperature  conditions  for  Type  347  stainless  steel  connectors, 

10,000-Hour  Creep  Data  for  6061-T6  Aluminum  at  70  F.  Table  34  shows  the  creep 
strain  estimated  for  the  6061-T6  aluminum  specimens.  Although  every  attempt  was  made 
to  set  up  and  conduct  the  tests  carefully,  the  long  duration  of  the  tests  and  the  small 
amounts  of  creep  involved  prevented  accurate  measurements  with  the  available  equip¬ 
ment.  However,  by  making  the  assumption  that  no  creep  occurred  at  the  lowest  stress 
level,  it  was  possible  to  develop  the  approximations  shown  in  Table  34.  The  usefulness 
of  these  data  is  substantiated  in  part  by  another  Battelle  program  that  showed  a  creep 
strain  of  10  microinches  in  1400  hours  for  606  1-T6  at  a  stress  of  24,  600  psi.  These 
data  extrapolated  to  10,000  hours  would  indicate  a  strain  of  35  microinches.  These  tests 
showed  that  a  maximum  design  stress  for  aluminum  of  30  ksi  would  be  satisfactory. 

TABLE  34.  10,  000-HOUR  CREEP  STRAIN  FOR  6061-T6 

ALUMINUM  AT  70  F 


Tensile  Stress , 
ksi 

Creep 

Strain,  (iin. 

/  in. 

A 

K 

R 

Average 

35 

-5 

240 

210 

148 

33 

-35 

55 

180 

67 

30 

0 

75 

110 

62 

25 

-10 

HO 

100 

67 

20 

■S5 

35 

35 

27 

15 

Assumed  to  be 

zero 

Note:  The  negative  strain  values  were  believed  to  be  caused  by  temperature  effects  on  the 
equipment  used  to  measure  the  strain. 


10,000-Hour  Creep  Data  for  Type  347  Stainless  Steel  at  70  F.  The  same  problems 
encountered  with  the  aluminum  specimens  were  also  encountered  with  the  stainless  steel 
creep  specimens.  By  making  the  same  assumption  (zero  creep  at  15  ksi  stress)  the 
values  shown  in  Table  35  were  developed.  As  with  the  aluminum  values,  it  is  assumed 
that  these  strains  are  useful  approximations  for  the  stress  levels  of  interest  to  the  pro¬ 
gram.  It  was  apparent  from  the  tests  that  a  maximum  design  stress  of  35  ksi  would  be 
satisfactory  for  Typc  3^7  stainless  steel. 
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FIGURE  55.  CREEP  CURVES  FOR  8061-T6  ALUMINUM  BAR  FIGURE  56.  CREEP  CURVES  FOR  6061 -T6  ALUMINUM  BAR 
AT  200  F  AND  15,000  AND  20,  000  PSI  AT  200  F  AND  26,  000  AND  30, 000  PSI 
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FIGURE  67.  CREEP  CURVES  FOR  6061-T8  ALUMINUM 

BAR  AT  SCO  F  AND  33,  000  PS! 

FIGURE  58.  CREEP  CURVES  FOR  6061-T6  ALUMINUM 
BAR  AT  300  F  AND  35, 000  PSI 
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FIGURE  62.  CREEP  CURVES  FOR  TYPE  347  STAINLESS 
STEEL  BAR  AT  600  F  AND  30,  000  AND 
35.  000  PSI 


FIGURE  63.  CREEP  CURVES  FOR  TYPE  347  STAINLESS 
STEEL  BAR  AT  600  F  AND  40, 000  PSI 
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FIGURE  64.  CREEP  CURVES  FOR  TYPE  347  STAINLESS 
STEEL  BAR  AT  600  F  AND  46,000  PSI 


FIGURE  66.  CREEP  CURVES  FOR  TYPE  347  STAINLESS 
STEEL  BAR  AT  600  F  AND  50,  000  PSI 


TABLE  35.  10,  OOO-HOUR  CREEP  STRAIN  FOR  TYPE  347 

STAINLESS  STEEL  AT  70  F 


Tensile  Stress, 
ksi 

Creep  Strain,  pin.  /in 

. 

C 

I 

U 

Average 

50 

103 

204 

102 

136 

45 

64 

91 

73 

76 

40 

37 

25 

34 

32 

35 

38 

54 

23 

38 

30 

25 

46 

44 

38 

25 

1 

17 

18 

12 

20 

19 

12 

0 

10 

15 

Assumed  to  be  zero 

10,000-Hour  Creep  Data  for  2024-T351  and  A286  Bolts.  Long-term,  room- 
temperature  creep  tests  were  conducted  wiu.  ">024-T35l  aluminum  and  A286  steel  bolts. 
The  program  involved  conducting  duplicate  tests  on  two  bolt  sizes  at  two  stress  levels 
for  each  alloy.  The  aluminum  bolts  were  1/4  and  1/2  inch  in  diameter  and  3  inches 
long.  Each  bolt  size  was  stressed  at  33,000  and  42,  000  psi.  The  steel  bolts  were  1/4 
and  3/8  inch  in  diameter  and  were  also  3  inches  long.  The  steel  bolts  were  stressed  at 
80,  000  and  100,  000  psi.  The  3/8-inch  rather  than  1/2-inch  steel  bolts  were  used  be¬ 
cause  of  the  load  limitations  of  Battelle's  creep  machines. 

Two  foil  strain  gages  were  attached  near  the  center  and  on  opposite  sides  of  each 
bolt.  These  two  strain  gages,  along  with  two  dummy  gages,  formed  a  4-arm  bridge. 

The  output  of  each  set  of  two  gages  was  read  on  a  Baldwin  SR -4  strain  indicator.  This 
output  was  averaged  and  the  deformation  in  microinches  calculated  for  each  specimen. 
The  grips  holding  the  specimens  were  designed  so  that  a  change  in  the  length  of  the  bolts 
could  be  measured  with  micrometers. 

The  test  results  summarized  in  Tables  36  and  37  include  size,  stress,  total  strain 
achieved  in  each  bolt  after  10,  000  hours,  creep  strain,  and  total  residual  strain  after 
removal  of  stress. 

It  is  evident  from  Table  36  that  very  little  creep  occurred  in  the  2024-T351  alloy 
in  10,  000  hours  of  exposure.  The  creep  strain  recorded  at  the  stress  of  33,  000  psi  was 
6.4  pin. /in.  and  at  42,  000  psi  it  was  15.5  pin.  /in.  In  the  case  of  the  A286  steel,  a 
relatively  large  amount  of  deformation  occurred  in  10,  000  hours  in  the  specimens 
stressed  at  100,  000  psi.  The  average  residual  strain  was  about  1518  pin.  /in.  or  about 
0.  15  percent.  Only  474  (average)  microinches  or  about  30  percent  of  this  total  was 
actual  creep  strain.  The  balance  was  initial  plastic  strain  obtained  on  loading  because 
the  stress  exceeded  the  proportional  limit  of  the  material.  The  lower  stress  of  80,  000 
psi  produced  an  average  total  strain  of  141  pin, /in.  Of  this  total,  24  microinches 
represented  creep  strain,  and  the  balance  represented  the  instantaneous  plastic  strain 
obtained  on  loading. 
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TABLE  36.  SUMMARY  OF  CREEP  DATA  FOR  2024-T351  ALUMINUM 
BOLTS  AT  ROOM  TEMPERATURE  (80  F) 


Specimen 

Bolt 

Diameter, 

inch 

Streee, 

kei 

Total  Strain 
at  10, 000  Hour* , 
Min.  /in. 

Creep 

Strain, 

Min.  /in. 

Total  Residual 
Strain,  Min.  /in. 

Strain 

-Gage  Measurement 

3 

1/4 

33 

3.  07  x  103 

20.  5 

20.  5 

5 

1/4 

33 

3. 08  x  103 

5.5 

2.5 

7 

1/2 

33 

3. 14  x  103 

-3 

5 

8 

1/2 

33 

3. 14  x  103 

2.  5 

1 

6 . 4  avg 

7. 2  avg 

2 

1/4 

42 

3,  91  x  103 

13.  5 

11 

4 

1/4 

42 

3. 96  x  103 

24.  5 

14.  5 

9 

1/2 

42 

4.01  x  103 

4.  5 

-6 

10 

1/2 

42 

4.03  x  103 

19.5 

+3.  5 

15.5  avg  5. 8  avg 


TABLE  37.  SUMMARY  OF  CREEP  DATA  FOR  A286  STEEL  BOLTS 

AT  ROOM  TEMPERATURE  (80  F) 

Bolt 

Total  Strain 

Creep 

Diameter, 

Stress, 

at  10,  000  Hours, 

Strain, 

Total  Residual 

Specimen 

inch 

kai 

Min.  /in. 

uin, /in. 

Strain,  Min. /in. 

Strain 

-Gage  Measurement 

2 

1/4 

80 

3. 05  x  103 

O 

172 

5 

1/4 

80 

3. 04  x  103 

19 

177 

8 

3/8 

80 

2.  89  x  103 

47 

125 

10 

3/8 

80 

2.  85  x  103 

20 

91 

24  avg 

141  avg 

4 

1/4 

100 

5.  16  x  103 

480 

1491 

6 

1/4 

100 

5.  12  x  103 

422 

1497 

7 

3/8 

100 

5.  09  x  103 

465 

1409 

11 

3/8 

100 

5.  35  x  103 

530 

1675 

474  avg 

1518  avg 
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Development  of  a  Computerized 
Flange-Connector  Design  Procedure 


This  effort  was  started  with  an  extensive  survey  of  the  literature.  Of  approx¬ 
imately  1000  references  that  were  identified,  over  250  were  obtained  and  studied, 
including  several  different  flange  design  procedures.  The  following  general  steps  were 
common  to  these  design  procedures: 

(1)  Assembly  of  information  on  design  parameters  such  as  pressure, 
temperature,  imposed  loads,  material  properties,  and  material 
compatibility 

(2)  Generation  of  a  preliminary  design 

(3)  Analysis  of  the  preliminary  design  on  the  basis  of  stress,  deflec¬ 
tion,  etc. 

(4)  Adjustment  and  reanalysis  of  the  preliminary  design 

(5)  Selection  and  definition  of  a  final  design. 


The  flange  design  procedure  that  was  developed  for  the  requirements  of  this  pro¬ 
gram  was  incorporated  into  two  digital  computer  programs  entitled  IRFDP  (Integral 
Flange  Design  Procedure)  and  LRFDP  (Doose-Ring  Flange  Design  Procedure).  A  list¬ 
ing  of  both  programs,  together  with  a  brief  discussion  cf  the  use  of  the  programs,  ia 
presented  in  Appendix  B.  The  major  features  of  the  design  procedure  are  discussed 
below.  In  evaluating  the  operation  and  output  of  the  procedure,  it  should  be  remembered 
that  flange  connectors  incorporating  the  Bobbin  seal  have  been  developed  specifically  to 
achieve  ve ry  low  gas  leakage  for  a  wide  range  of  operating  temperatures  and  pressures. 
In  other  flange  design  procedures,  the  capability  of  designing  for  specific  thermal- 
gradient  temperatures  and  weight  optimization  is  not  usually  included. 


Procedure  for  Designing  Flanged  Connectors 

The  procedure  starts  with  a  trial  design  and,  by  stepwise  modification,  ends  with 
a  design  that  satisfies  selected  performance  requirements  and  predetermined  connector 
parameters.  Then,  by  selected  modification  of  some  connector  dimensions,  alternative 
designs  are  obtained  which  satisfy  the  performance  requirements.  From  these  alter¬ 
native  designs,  the  minimum-weight  connector  design  is  selected.  A  schematic  diagram 
of  the  overall  approach  is  shown  in  Figure  56, 

Predetermined  Parameters.  The  predetermined  parameters  are  derived  from 
the  operational  and  functional  objectives  for  the  connectors.  For  example,  the  general 
design  configurations  (see  Figure  67)  are  significant  predetermined  parameters.  The 
materials  of  construction  and  their  properties  are  other  predetermined  parameters. 
Others  more  directly  relatable  to  the  application  are  the  minimum  radial  and  axial  seal 
loads  per  nch  of  seal  circumference,  the  length -to -thickness  ratio  for  the  seal  tang,  the 
dimensions  of  the  seal  disks,  the  bolt-wrench  clearance  dimensions,  the  minimum  and 
maximum  bolt  spacing,  the  minimum  dimensions  for  the  distance  from  the  bolt  circle  to 
the  flange  outside  diameter,  and  the  bolt-hole  clearance. 


Predetermined 

Parameters 


FIGURE  66.  GENERAL  FLANGE  DESIGN  PROCEDURE 


b-  Bolted  Loose-Ring  Connector 


FIGURE  67.  CONNECTOR  CONFIGURATIONS 
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Type  347  stainless  Rusel  (annealed  condition)  and  6061-T6  aluminum  are  the  two 
basic  connector  materials.  For  stainless  steel  connectors,  the  bolt  material  selected 
is  AZ86,  and  the  seal  material  is  an  austenitic  stainless  steel  with  soft  nickel  plating. 
For  the  aluminum  connectors,  the  bolt  material  is  2024-T356,  and  the  seal  material  is 
overaged  6061  aluminum  alloy. 

The  predetermined  seal  loads  and  dimensional  parameters  were  the  result  of  the 
seal-design  studies  and  of  the  qualification  tests.  The  bolt-wrench  clearances  were 
established  from  the  dimensions  of  commercially  available  wrenches.  Bolt-hole  spac¬ 
ing  requirements  were  established  on  the  basis  of  design  experience  and  the  ASME 
Unfired  Pressure  Vessel  Code,  03) 

Performance  Requirements.  An  important  part  in  the  development  of  a  design 
procedure  is  the  establishment  of  performance  requirements  in  sufficient  detail  that 
the  requirements  become  integrated  into  the  procedure.  Seven  computer  sections  were 
used  to  define  the  design  performance  requirements: 

(1)  Bolt-up 

(2)  Operating 

(3)  Proof  pressure 

(4)  Burst  pressure 

(5)  Pressure  impulse 

(6)  Thermal  shock 

(7)  Misalignment. 

The  design  procedure  section  for  bolt-up  imposes  the  conditions  of  initial  assembly 
of  the  connector  with  no  operating  loads  applied.  This  section  is  used  as  a  base-line 
condition  in  the  computer  program.  One  of  the  conditions  of  initial  assembly  is  that  the 
axial  bolt  loading  during  bolt-up  must  be  sufficient  to  seat  the  seal. 

The  section  for  operating  conditions  includes  the  requirements  that  the  connector 
sustain  operating  pressure  at  maximum  temperature,  a  specified  value  of  stress- 
reversal -bending  load,  and  a  minimum  axial  seal  load  which  will  assure  that  the  leakage 
rate  of  the  connector  does  not  exceed  the  specified  minimum. 

The  proof-pressure  section  requires  satisfactory  connector  operation  with  an 
applied  pressure  of  1.  5  times  the  maximum  operating  pressure  at  maximum  tempera¬ 
ture,  while  the  burst-pressure  section  specifies  an  applied  pressure  of  2.  0  times  the 
maximum  operating  pressure  at  ambient  temperature.  The  pressure-impulse  section 
includes  a  fatigue  stress  selected  to  permit  200,  000  pressure  cycles  from  0  psi  to 
approximately  1.  5  times  the  maximum  operating  pressure  at  ambient  temperature. 

The  thermal  -  shock  section  includes  the  requirement  that  the  connector  perform 
satisfactorily  when  temperature  differentials  exist  between  the  connector  components. 
Numerical  values  for  the  temperature  differentials  are  supplied  as  inputs  to  the  design 
program.  The  design  program  for  this  condition  includes  load  calculations  relating 
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the  flexibility  of  the  connector  component#  to  dimensional  changes  due  to  temperature 
differentials  under  normal  connector  ope  rating -load  conditions. 

The  misalignment  section  specifies  a  maximum  bending  load  as  a  function  of  tub¬ 
ing  size  and  tubing -mate rial  yield  strength. 

Trial  Design.  The  selection  of  a  trial  design  is  an  important  part  of  an  iterative- 
type  design  program.  Trial  dimensions  are  selected  which  describe,  in  full,  the  con¬ 
nector  to  be  designed.  Also,  if  the  trial  dimensions  are  close  to  the  dimensions  of  a 
satisfactory  design,  the  number  of  iterations  is  reduced.  In  the  connector  design  pro¬ 
cedure,  minimum  dimensions  are  selected  for  the  trial  design.  For  example,  the  trial 
bolt  size  is  the  minimum  size,  No.  10(0.  190-in.  diameter',  provided  in  the  bolt-size 
input  data.  The  trial  flange  thickness  is  three  times  the  tube  wall  thickness.  This  is 
a  minimum  value  chosen  arbitrarily  on  the  basis  of  experience.  The  trial  bolt-circle 
diameter  is  calculated  on  the  basis  of  the  wrench  clearance  needed  for  the  trial  bolt 
size.  This  provides  a  minimum  bolt-circle  diameter  for  the  trial  design.  Other 
dimensions  include  the  reinforcement  at  the  flange  and  tube  junction. 

Design  Analysis.  For  most  mechanical  parts,  there  are  at  least  two  analyses  that 
should  be  carried  out:  (1)  load  analysis  and  (2)  stress  analysis.  Many  other  analyses 
may  also  be  required,  such  as  thermal  analysis,  fluid-flow  analysis,  and  vibration 
analysis.  For  the  tube  connectors,  only  load  and  stress  analyses  are  conducted.  Con¬ 
sideration  of  thermal  characteristics  and  vibration  characteristics  is  included  as  part 
of  the  load  analysis  The  consideration  of  fluid  leakage  past  the  seals  is  explicitly  in¬ 
cluded  in  the  limits  established  for  the  minimum  seal  loads. 

As  shown  in  Figure  66,  the  design  analysis  provides  feedback  to  the  trial  design. 
Changes  are  made  in  the  trial  design  to  compensate  for  any  unsatisfactory  load  or  stress 
conditions  discovered  in  the  analysis.  For  example,  if  the  axial  seal  load  is  too  low, 
the  trial-design  bolt  load  is  increased  and  the  analysis  is  repeated.  Also,  if  the  calcu¬ 
lated  bolt  stress  is  too  high  with  the  maximum  possible  number  of  bolts,  the  trial  design 
is  changed  to  include  the  next  larger  size  bolt.  Similarly,  if  one  of  the  flange  stresses 
is  too  high,  the  trial  flange  thickness  is  increased  and  the  analysis  is  repeated. 

Design  Dimensions,  After  changes  are  made  in  the  trial  design  and  the  analysis 
results  satisfy  all  the  load  and  stress  requirements,  the  trial  design  becomes  a  satis¬ 
factory  design. 

Parameter  Modifications  and  Optimum  Design.  Selected  parameters  can  then  be 
systematically  varied  and  the  results  examined  to  determine  an  optimum  design.  The 
parameter  variations  must  not  obviate  the  design  objectives,  however. 

For  the  integral  connector,  the  parameters  which  are  varied  are  the  maximum 
height  of  the  reinforcing  hub  at  the  juncture  of  the  flange  and  tube,  the  bolt-circle 
diameter,  and  the  flange  outside  diameter.  For  the  loose-ring  configuration,  these 
parameters  are  varied,  as  is  the  amount  of  contact  area  between  the  loose  ring  and  the 
flange.  The  optimum  design  is  selected  on  the  basis  of  (1)  minimum  weight,  (2)  dimen¬ 
sional  compatibility  of  integral  and  loose -ring-flange  designs,  and  (3)  manufacturability. 
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Computer  Program  for  Designing  Flanged  Connectora 


The  computer  program  ia  the  mechanism  for  accomplishing  design  synthesis  and 
optimisation.  The  form  of  the  computer  program  is  important  only  because  the  designer 
uses  the  computer  program  as  a  tool  in  the  design  procedure.  Secondary  attention  must 
be  given  to  modifying  the  computer  program  for  efficiency  in  computer  utilization. 

In  the  flange  design  program,  a  "building  block"  or  sectional  approach  is  taken  to 
provide  flexibility  during  preparation  of  the  program.  This  approach  also  allows  rela¬ 
tively  easy  program  modifications  to  adapt  to  any  future  changes  in  program  objectives. 
Some  aspects  of  the  computer  program  for  tube  connectors  are  discussed  to  further 
illustrate  the  design  synthesis  and  optimization  procedure.  A  simplified  schematic  of 
the  tube  connector  program  is  shown  in  Figure  6  8,  Inputs  not  only  include  such  things 
as  material  oroperties  and  system  requirements,  but  provision  is  also  made  for  the 
variation  of  dimensional  parameters  that  influence  design  optimization. 


i 

i 


Thess  operation* 
carried  out,  In  turn, 
for  each  of  the  seven 
desigr  eectlona  prior 
to  the  development  of 
*  Design  Dimensions. 


FIGURE  68  SCHEMATIC  OF  FLANGED- CONNECTOR 
COMPUTER  PROGRAM 
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Critical  Design  Parameters.  Critical  design  parameters  are  selected  on  the 
basis  of  their  importance  to  connector  performance.  Some  of  these  critical  parameters 
are  briefly  discussed. 

1 .  Seal  Loads 


The  maintenance  of  intimate  physical  contact  between  the  seal  and 
the  mating  flanges  under  all  required  loading  conditions  is  one  of  the 
primary  design  aspects  of  the  tube-connector  program.  Parameters 
which  describe  this  aspect  are  the  seal  loads  in  the  radial  and  axial 
directions.  Seal  loads,  in  turn,  are  dependent  on  the  pressure  and 
structural  loads  applied  to  the  connector,  the  dimensional  stability 
of  the  seal  and  flanges,  and  the  relative  flexure  of  the  seal  and 
flanges  under  loads. 

2.  Bolt  Load 


During  bolt-up,  the  bolt  load  is  applied  directly  to  the  seal  through 
the  flanges.  Then,  as  other  loads  are  applied,  the  bolt  load  must 
be  adequate  to  provide  a  margin  for  maintaining  minimum  loads  on 
the  seal.  A  somewhat  less  evident  function  cf  the  bolt  load  is  to 
minimize  the  effects  of  cyclic  loading  on  the  connector.  The  pos¬ 
sibility  of  fatigue  failure  is  reduced  in  some  cases  by  the  mainten- 
nance  of  unidirectional  loads.  Also,  the  chance  of  loosening  of 
threaded  joints  is  reduced  by  the  maintenance  of  steady- state  loads. 

3.  Tube  Bending  Moment 

The  tube  bending  moment  is  considered  as  an  external  load  applied  to 
the  connector;  however,  the  magnitude  of  the  tube  bending  moment  is 
dependent  on  the  tube  properties  and  on  deflections  in  the  tube  sys¬ 
tem.  In  the  connector  design  program,  tube  bending  moments  are 
calculated  on  the  basis  of  tube  material  properties  and  cyclic  loading 
of  the  tube.  The  influence  of  the  tube  bending  moment  applied  to  the 
connector  design  is  usually  substantial. 


4.  Internal  Pressure 


For  most  pressure  vessels,  the  hoop  stress  resulting  from  internal 
pressure  is  the  most  important  design  parameter.  However,  for 
bolted  flanged  connectors,  the  structure  for  transferring  axial  loads 
provides  increased  wall  thickness  and  therefore  the  hoop  stress  is 
not  a  critical  parameter.  However,  the  internal  pressure  is  an  im¬ 
portant  design  parameter,  particularly  because  the  pressure  loading 
in  the  axial  direction  tends  to  reduce  the  seal  load3 .  The  proof 
pressure  is  1,5  times  the  maximum  operating  pressure,  while  the 
burst  pressure  is  2.0  times  the  maximum  operating  pressure. 

5 .  The  rmal  Gradients 


Calculations  are  made  for  the  effects  of  thermal  gradients  on  con¬ 
nector  flange  and  seal  loads.  The  program  does  not  include  an 
analysis  procedure  to  determine  values  for  thermal  gradients. 
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However,  it  does  include  calculations  to  determine  the  relative 
changes  in  loads  and  deflection*  of  connector  element*  in  response 
to  thermal  gradients.  Worst-case  emperature  differences  be¬ 
tween  bolts,  fiancee,  and  seals  are  provided  as  inputs  to  the  pro¬ 
gram,  The  thermal  model  used  in  the  program  is  illustrated  in 
Figure  69,  Average  worst- case  temperature  differences  are 
taken  to  exist  between  the  bolt  and  the  flange  and  between  the  flange 
and  the  tube.  The  seal-element  temperature  is  the  same  as  the 
tube  temperature,  Relative  changes  in  physical  dimensions  occur 
from  toe  temperature  differences.  For  example,  when  a  connector 
is  suddenly  exposed  to  the  flow  of  cryogenic  fluid,  the  tube  shrinks 
radially,  the  seal  shrinks  axially  and  radially,  and  the  bolt  shrinks 
axially.  The  relative  significance  of  these  dimensional  changes 
depends  on  the  flexibility  of  the  connector  elements  and  the  load 
changes  that  follow. 


FIGURE  69.  FLANGE -CONNECTOR  THERMAL  MODEL 


6,  Impulse  Pressure 

The  peak  value  of  the  pressure  cycle  is  specified  as  1.  57  times 
the  operating  pressure  and  the  minimum  value  is  atmospheric 
pressure.  For  this  type  of  pressure  cycling,  fluctuating  stress 
levels  are  experienced  at  the  flange -to -tube  joint.  The  resis¬ 
tance  of  the  flange -to -tube  joint  to  fatigue  loads  is  improved  by 
a  reinforcing  hub. 

An  investigation  was  made  of  the  first  design  approach  used  in  determination  of 
hub  dimensions  as  a  result  of  the  failure  of  the  3-inch,  1500-psi  aluminum  connector 
during  the  vibration  teBt  (see  page  111).  A  stress -concentration  factor  of  2.0  had  been 
selected  to  account  for  stress  amplification  at  the  juncture  of  the  hub  and  the  flange. 
Also,  the  calculations  of  maximum  and  minimum  stress  levels  at  the  critical  regions 
for  assessment  of  fatigue  resistance  were  based  on  combined  stress  levels.  On  review 
of  this  approach,  it  was  found  that  the  stresa-concentration  factor  could,  in  some  cases 
be  greater  than  2.0,  depending  on  the  size  of  fillet  radius  selected  and  the  relative 
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dimensions  of  the  hub,  flange,  and  tube.  Also,  the  combined  stress-level  formulation 
did  not  adequately  account  for  changes  in  direction  of  the  maximum  and  minimum  values 
of  the  calculated  combined  stress,. 

The  computer  program  was  extended  to  select  stress -concentration  factors  based 
on  connector  dimensions  (flange  OD,  hub  OD,  and  fillet  radius)  and  published  values  of 
calculated  stress -concentration  factors.  (14)  Also,  initial  choices  for  the  fillet  radii 
were  made  a  part  of  the  design  procedure  according  to  the  tube  size.  The  initial  radii 
are  1/8,  3/16,  1/4,  and  5/16  for  tube  sizes  through  4,  8,  12,  and  16  inches,  respec¬ 
tively.  The  program  includes  the  option  of  fixing  the  fillet  radius  according  to  a 
specified  input  value. 

Fatigue -stress  calculations  were  modified  to  consider  the  maximum  and  minimum 
stresses  at  critical  sections  in  the  axial  direction.  Then  the  assessment  of  resistance 
to  fatigue  failure  is  made  according  to  the  idealized  stress -versus-strain-history  pro¬ 
cedure  as  outlined  in  Section  HI  of  the  ASME  Boiler  and  Pressure  Vessel  Code  for 
Nuclear  Vessels.  (15)  The  computer  program  includes  a  fatigue  safety  factor  of  2.  0 
which  is  consistent  with  the  method  of  establishing  trie  value  of  the  applied  bending 
moment  based  on  0.  5  times  the  fatigue  strength  of  the  tube  material,  and  with  the 
appropriate  stress -concentration  factor  applied  to  the  maximum  and  minimum  calcu¬ 
lated  axial  stress  values.  Calculations  for  maximum  and  minimum  values  of  the  com¬ 
bined  stresses,  based  on  the  octahedral  shear  stress  theory,  are  also  made  and  com¬ 
pared  with  the  allowable  yield  strength  of  the  connector  material. 

In  addition  to  the  above  described  improvements  in  the  method  of  calculation  of 
fatigue  stress  resistance,  an  arbitrary  minimum  value  of  hub-reinforcement  thickness 
at  the  hub-flange  juncture  was  established  at  1.  5  times  tube-wall  thickness  for  aluminum 
connectors  and  1.25  times  tube-wall  thickness  for  stainless  steel  connectors.  These 
minimum  values  are  intended  to  compensate  for  observed  relative  sensitivities  of  the 
materials  to  fatigue  damage  and  for  possible  inaccuracies  in  machining. 

Load  Calculations.  After  a  trial  connector  design  is  generated,  the  design- 
analysis  procedure  starts  with  the  determination  of  loads  on  the  connector  components. 
For  convenience,  preliminary  calculations  are  made  to  establish  the  deflection  rates  of 
the  connector  components.  For  example,  the  axial  deflection  rate  of  the  seal  is  given 
by: 


DSA 


_ L _ 

2  x  SEE  x  3.  14  x  De  x  t 


(14) 


where 

DSA  =  Axial  deflection  rate  of  seal  tang,  in.  /lb 
L  =  Seal  tang  length,  in, 

SEE  =  Modulus  of  elasticity  of  seal  material,  psi 
De  =  Seal  tang  outside  diameter,  in, 
t  =  Seal  tang  thickness,  in. 

Figure  70  illustrates  in  somewhat  more  detail  the  computer -program  section  used 
in  the  design  analysis  which  includes  load  and  stress  calculations.  These  calculations 
are  made  in  sequence  for  each  of  seven  design  conditions.  The  component  loads  for  each 
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condition  are  dependent  upon  initial  bolt-up  loads,  pressure-bending  moments,  and 
thermal  gradients.  Some  sample  calculations  are  presented  for  bolt-up  loads  and 
operating-preosure  loads.  Dimensional  notations  are  shown  in  Figuros  71  and  72. 


FIGURE  70.  SCHEMATIC  OF  DESIGK 
ANALYSIS 


FIGURE  71.  DIMENSIONAL  NOTATIONS 
FOR  BOLT-UP  LOADS 


FIGURE  72.  DIMENSIONAL  NOTATIONS  FOR 
OPERATING-PRESSURE  LOADS 


Sample  Calculations  t 

For  bolt-up  loads  the  horizontal  forces  are  related  by: 
SL1  =  BL1. 


(15) 


t  In  the  calculations  the  asterisk  symbol  indicates  multiplication.  See  Appendix  B  for  further  discussion  of  computer  computation. 
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The  flange  moment  is  represented  by: 


Mcpl  =  RSL 1  *  XT/2  +  BL1  *  H2  +  SL1  *  H3.  (16) 

Similar  equations  are  prepared  for  the  operating-pressure  loads: 

BL2  =  FPL2  +  SL2  +  TL2  ,  (17) 

Mcp2  =  -  RSL2  *  XT/2  +  BL2  *  H2  +  SL2  *  H3  +  FPL2  *  H4  +  TL2 

*  H5  +  MP2  ±  MC2  -  (P2  *  tt  *  B  *  SX)  *  XT/2  .  (18) 

Then  the  changes  from  the  bolt-up  condition  to  the  operating-pressure  condition 
are  obtained: 


(BL1  -  BL2)  +  ABL  =  ASL  -  TL2  -  FPL2  ;  (19) 

AMcp  =  -A RSL  *  XT/2  +  A BL  *  H2  +  ASL  *  H3  -  FPL2  *  H4  -  TL2 

*  H5  +  (P2  *  7T  *  B  *  SX)  *  XT/2  -  MP2  -  MC2  .  (20) 


Two  more  equations  are  then  obtained  from  consideration  of  the  relative  changes 
in  axial  and  radial  dimensions: 


ABL  *  DBA  -  ASL  *  DSA  + 


*  DFA  +  BCR  *  (XT  +  SX) 


(21) 


+  FCR  *  XT  ; 


A  RSL  *  DSR  -  (P2  *  B  *  SMD)/(4  *  TA  *  SE)  =  -  AMcp  +  DFR  *  XT/2  (22) 

-  (P2  *  B  *(£-—)/ (4  *(—-£•)*  FE)  . 

Equations  (19)  through  (22)  can  now  be  solved  simultaneously  to  obtain  values  for 
ABL,  ASL,  ARSL,  and  AMcp.  Then,  starting  with  known  bolt-up  loads,  the  connector 
loads  can  be  calculated  for  the  operating  pressure. 

A  similar  method  is  used  for  calculating  the  connector  loads  for  each  design  con¬ 
dition.  For  thermal  gradients,  for  example,  when  the  effects  of  relative  thermal  expan¬ 
sion  are  included  in  the  analysis,  the  calculations  include  the  simultaneous  solution  of 
six  equations . 

Load  Checks.  After  the  loads  are  calculated  for  each  design  condition,  a  check  is 
made  to  determine  whether  the  loads  are  satisfactory.  If  the  axial  seal  load  for  the 
operating  pressure,  say,  is  calculated  to  be  less  than  the  required  minimum,  the  bolt-up 
lead  is  increased  and  the  analysis  is  repeated.  This  iteration  loop  is  illustrated  in  the 
partial  computer -logic  diagram  shown  in  Figure  73, 
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FIGURE  73.  PARTIAL  LOGIC  DIAGRAM 
SHOWING  LOAD  CHECKS 


Stress  Calculations.  With  emphasis  on  minimum  weight  and  strength-to-weight 
ratios  in  aerospace  applications,  it  becomes  necessary  that  stress  calculations  be  per¬ 
formed  for  all  suspected  possible  failure  modes.  For  flanged  connectors,  the  criterion 
of  failure  generally  involves  deformation  rather  than  rupture;  thus,  the  material  yield 
strength  is  an  important  stress  limit.  The  modulus  of  elasticity  and  the  coefficient  of 
thermal  expansion  are  important  material  parameters  in  connector  designs  where  ther¬ 
mal  gradients  are  significant. 

To  determine  the  dimensions  of  connector  designs  which  are  judged  to  be  satis¬ 
factory,  it  is  necessary  to  establish  allowable  stresses  for  the  materials  of  construction. 
Allowable  stresses,  in  relationship  to  material  properties,  involve  a  complex  interaction 
between  the  accuracy  of  the  stress  calculation  methods,  the  accuracy  with  which  loads 
are  known,  and  the  objective  functions  of  the  components.  For  example,  the  allowable 
stress  for  bolts  is  set  relatively  lower  than  the  allowable  stress  for  the  flanges  for 
several  reasons:  (1)  bolts  are  loaded  in  tension,  and  in  case  of  overload,  there  is  no 
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ability  to  transfer  loads  to  any  other  part  of  the  structure;  (2)  the  only  bolt  stress  calcu¬ 
lated  is  due  to  axial  loading,  while  in  reality  the  bolts  have  bending  stresses  due  to  flange 
rotation;  (3)  the  tightening  of  bolts  with  a  wrench  introduces  shear  stresses  and  a  reduc¬ 
tion  in  axial  yield  strength;  and  (4)  the  threads  on  the  bolts  form  notches  with  accompany¬ 
ing  stress  concentrations. 

When  a  bending-moment  load  is  imposed  on  the  connector  through  the  tubing,  a 
maximum  tensile  stress  will  exist  at  one  point  on  the  circumference  of  the  tube  section. 

A  diametrically  opposed  maximum  compressive  stress  will  arise  simultaneously.  How¬ 
ever,  compressive  failure  is  not  likely  since  the  pressure  end  load  reduces  the  compres¬ 
sive  stress.  While  the  maximum  tensile  stress  exists  at  only  one  point  on  the  circum¬ 
ference,  it  can  be  conservatively  assumed  that  the  connector  may  be  designed  as  if  the 
maximum  bending  stress  existed  all  around  the  tube  circumference. 

Consideration  should  also  be  given  to  fatigue  damage  due  to  cyclic  bending  of  the 
tube -connector  assembly.  In  addition  to  bending  stresses,  the  connector  internal  pres¬ 
sure  creates  axial,  radial,  and  circumferential  stress**.  A  simplified  stress -time 
relationship  of  the  combined  stresses  in  the  axial  direction  is  represented  graphically 
in  Figure  74. 
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FIGURE  74.  STRESS-TIME  REPRESENTATION 

The  allowable  fatigue  stress  when  variable  and  steady  stresses  are  present  can  be 
determined  with  the  aid  of  a  modified  Goodman  diagram.  A  more  complex  fatigue  prob¬ 
lem  is  created  by  impulse-pressure  variation  from  0  to  1.  57  times  operating  pressure. 
This  results  in  fluctuating  stresses  in  the  axial,  radial,  and  circumferential  directions. 
The  problem  of  impulse-pressure  fatigue  is  simplified  if  fluctuating  stresses  in  the  axial 
direction  only  are  considered.  This  is  the  approach  taken  in  the  computer  program. 

The  general  methods  used  for  stress  analysis  in  the  connector  design  program  are 
based  on  the  same  stress  theories  used  in  the  formula  tion  of  the  ASME  Unfired  Pressure 
Vessel  Code.  (13)  The  computer -prog ram  logic  diagrams  applying  to  parts  of  the  stress 
calculations  for  operating  pressure  are  shown  in  Figures  75  and  76.  Also  shown  on 
these  diagrams  are  some  of  the  iteration  loops  corresponding  to  stress  checks.  For 
example,  when  the  calculated  bolt  stress  exceeds  the  design  allowable  stress  for  the 
bolts,  the  trial  dec^gn  is  changed  by  increasing  the  bolt  size.  Then  the  design  analysis 
is  repeated  (load  and  s^ess  analysis)  for  the  "new"  dimensions  of  the  trial  design  with 
the  "new"  bolt  size. 
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FIGURE  75.  PARTIAL  LOGIC  DIAGRAM 
FOR  STRESS  CHECKS  ON 
FLANGE  AND  BOLT, 
CONDITION  2 


FIGURE  76.  PARTIAL  LOGIC  DIAGRAM 
FOR  STRESS  CHECKS  ON 
JUNCTION  OF  HUB  AND 
FLANGE,  CONDITION  2 


Design  Optimization 

An  optimum  design  is  one  selected  from  among  alternative  designs  which  exhibits 
maximum  (or  minimum)  values  for  selected  characteristics.  For  tube  connectors  for 
aerospace  applications,  the  optimum  design  is  selected  to  minimize  weight.  In  the 
connector-design  program,  some  other  characteristics  are  also  considered  in  the  selec¬ 
tion  of  optimum  designs.  These  include  matching  the  bolt-circle  diameters  for  integral- 
flanged  and  loose-ring  connectors.  Also,  for  ease  of  manufacturing,  the  bolt-circle 
diameters  are  selected  in  increments  of  1/16  inch. 

Parameter  Modifications.  Alternative  designs  from  which  the  least-weight  designs 
were  selected  for  the  designs  given  in  Appendix  C  were  obtained  by  systematic  variations 
of  input  parameters  of  the  computer  design  program.  The  input  parameters  that  were 
varied  were:  (1)  the  relative  height  of  the  hub  reinforcement,  (2)  the  bolt-circle  diameter, 
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(3)  the  bolt  size,  (4)  the  flange  outside  diameter,  and  (5)  the  relative  amount  of  overlap  of 
the  loose  ring  and  its  corresponding  integral  flange. 


Design  Selection.  If  only  one  design  characteristic  is  selected  to  be  minimized  or 
maximized,  the  selection  of  the  optimum  design  is  simplified.  When  two  or  more  char¬ 
acteristics  are  used,  they  must  be  ordered  and  weighted  with  respect  to  importance.  In 
the  selection  of  optimum  connector  designs,  the  criteria  used  were:  (1)  minimum  weight, 
(2)  dimensional  compatibility  of  integral-  and  loose- ring-flange  designs,  and  (3)  selected 
dimensional  limits  for  some  items  to  improve  manufacturability  and  handling  of  the 
connectors. 


Design  of  High-Tempe rature  Flange  Connectors 

In  1964,  under  Contract  NAS -8- 1 1523,  Battelle  developed  an  analysis  procedure 
for  estimating  the  relaxation  time  to  leakage  for  separable  tube  connectors.  The  proce¬ 
dure  was  based  upon  the  steady-state  creep  law,  revised  to  account  for  the  effects  of 
primary  creep. 

At  the  beginning  of  the  program  described  by  this  report,  the  possibility  of  includ¬ 
ing  this  procedure  in  the  flange-design  computer  program  was  considered.  However, 
as  the  work  developed,  it  was  mutually  agreed  that  the  needs  of  the  Air  Force  were  not 
sufficient  to  warrant  the  expense  of  this  effort.  For  those  instances  where  a  high- 
temperature  flange  design  is  required,  it  is  believed  that  the  optimum  design  for  a 
flange  with  a  Bobbin  seal  can  be  most  easily  determined  by  use  of  the  computer  design 
program  in  conjunction  with  the  "hand”  calculation  defined  by  the  relaxation  procedure. 
Accordingly,  the  entire  final  report  on  Contract  NAS-8- 1 1 523,  Subcontract  No.  63-30, 
has  been  included  in  this  report  as  Appendix  A.  The  information  contains  not  only  infor¬ 
mation  on  the  relaxation  analysis  procedure  and  its  use,  but  also  summary  information 
on  high-tempe rature  materials. 


Design  of  Representative  Connectors 


It  was  originally  intended  that,  prior  to  the  experimental  program,  the  computer¬ 
ized  flange-design  procedure  would  be  used  to  design  a  number  of  representative  con¬ 
nectors  for  different  tube  diameters  and  system  requirements.  However,  several 
factors  resulted  in  a  modification  of  this  objective.  First,  because  of  the  existence  of 
three  basic  connector  configurations  (integrai/integral,  loose -ring/loose-ring,  and 
integral/loose-ring),  a  large  number  of  designs  would  be  required.  Second,  results 
from  the  experimental  program  might  necessitate  significant  dimensional  changes  in 
the  designs.  Third,  very  few  state-of-the-art  large  connector  configurations  were 
available  for  comparison  with  the  representative  Bobbin  seal  connectors.  Fourth,  if  a 
specific  flange  design  were  needed  at  any  time  in  the  program,  it  could  be  obtained 
quickly.  Finally,  since  considerable  effort  was  expended  in  developing  an  experimental 
program  that  would  determine  the  capability  of  the  design  procedure  to  produce  a  satis¬ 
factory  flange -connector  design  for  the  specified  system  requirements,  the  decision  was 
made  to  consider  the  test  connectors  as  representative  of  the  requirements.  Illustrative 
aspects  of  these  designs  are  discussed,  and  dimensions  are  given  for  all  of  the  connec¬ 
tors  considered  for  the  experimental  program.  Subsequently,  some  of  these  connectors 
were  eliminated  from  the  test  program. 
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Connectors  for  Type  6061-T6 
Aluminum  Systems 


Tables  38  through  41  summarize  the  major  system  input  conditions  and  present  the 
dimensions  developed  for  integral/integral  and  loose-ring/loose-ring  flange  connectors 
for  3-,  8-,  and  16-inch  tubing  for  100  and  1500-psi  aluminum  systems.  The  tables  also 
give  the  dimensions  for  compatible  integral  and  loose-ring  flanges  which  are  needed  to 
form  an  integral/loose-ring  assembly.  A  comparison  of  the  connector  part  weights  gives 
an  indication  of  the  weight  penalty  that  is  required  for  this  dimensional  compatibility. 

For  these  designs,  the  seals  are  overaged  6061  aluminum,  the  flanges  are  6061-T6 
aluminum,  and  the  bolts  and  loose  rings  are  2024-T351  aluminum. 


Connectors  for  Type  347 
Stainless  Steel  Systems 

Tables  42  through  45  summarize  the  major  system  input  conditions  and  present  the 
dimensions  developed  for  integral/integral  and  loose-ring/loose-ring  flange  connectors 
for  3-,  8-,  and  16-inch  tubing  for  100  and  1500-psi  stainless  steel  systems.  The  tables 
also  give  the  dimensions  for  compatible  integral  and  loose-ring  flanges  which  are  needed 
to  form  an  integral/loose-ring  assembly.  The  weight  penalty  for  using  compatible 
flanges  can  be  seen  in  the  tables. 

Tables  46  and  47  give  three  system  input  conditions  and  the  associated  flange 
dimensions  for  4000-psi  connectors  for  stainless  steel  systems.  The  original  intention 
was  to  fabricate  and  test  a  connector  for  the  full  temperature  range  from  -423  to  600  F. 
However,  the  weight  penalty  caused  by  the  thermal  gradients  was  very  high.  When  a 
reexamination  of  the  possible  future  conditions  showed  that  a  system  would  be  either 
for  hot  gas  or  cryogenic  fluid,  the  decision  was  made  to  test  two  connectors.  Further 
design  analysis  showed  that  connector  fabrication  costs  could  be  saved  if  the  hot-gas 
connector  was  fabricated  and  tested  first,  and  the  cryogenic  connector  was  fabricated 
by  remachining  the  hot-gas  connector.  This  approach  necessitated  a  small  weight 
sacrifice  between  the  optimum  cryogenic  connector  and  the  reduced  hot-gas  connector 
because  the  bolt  circle  and  size  could  not  be  changed,  but  the  resulting  connector  was 
believed  to  be  an  acceptable  test  of  the  design  procedure. 


Conclusions  From  Design  Optimization 

As  a  result  of  the  design  optimization  of  the  experimental  connector  configurations, 
it  was  concluded  that  the  bolt-circle  diameter  is  the  most  important  variable  in  achieving 
a  lightweight  connector.  Every  effort  should  be  made  to  keep  this  to  a  practical  minimum. 
As  illustrated  by  the  4000-psi  connector,  it  is  also  important  to  select  an  accurate  ther¬ 
mal  gradient  because  of  the  small  amount  of  deflection  in  the  smallest  connector  parts. 

It  was  also  concluded  that  little  weight  penalty  is  paid  for  making  the  integral  and  loose- 
ring  flanges  compatible. 
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TABU  38.  INPUT  DATA,  DIMENSIONS,  AND  ESTIMATED  WEIGHTS  FOB  EXPERIMENTAL,  ALUMINUM  100-PSl  INTEGRAL' FLANGE  CONNECTORS 


Input  Data 

Operating  pressure,  pel  100 

Operating  temperature  range,  F  -423/200 

Bolt  *to -flange  cold  thermal  gradient,  F  10 

Bolt -to -flange  hot  thermal  gradient,  F  4 

Flange -to -teal  cold  thermal  gradient,  F  20 

Flange -to -teal  hot  thermal  jpadient,  F  8 

Flange  ultimate  strength,  pit  42.000 

Flange  yield  tttength,  pi  32,200 

Bolt  ultimate  vrength,  pit  62,000 

Bolt  yield  strength,  pal  41,000 


Dimensions,  in. 


Siae,  in. 

TOD 

TW 

FOD 

FID 

FT 

BC 

H 

HL 

SOD 

SID 

SL 

Bolt  Site 

No.  of  Bolts 

Welgflt.  lb 

Not  Compatible 

With  Loose -Ring  Flanges 

3 

3.000 

0.028 

4.300 

2.944 

0.399 

3  898 

0.  096 

0.  431 

3.64 

2.984 

0.49 

3/16 

12 

0.7 

8 

8.000 

0.  035 

9.806 

7.  930 

0  645 

9.  275 

0.  161 

0.790 

8.79 

7.970 

0.  612 

1/4 

24 

3  84 

16 

is.  ooo 

0.065 

18.420 

15. 670 

1.  140 

17.892 

0.299 

1.  524 

17.29 

15.970 

0.855 

1/4 

78 

18  04 

Compatible  With  L<x»< 

-fling  Flanges 

3 

3.000 

0.028 

4.300 

2  944 

0.  399 

3.898 

0.096 

0.  431 

3.54 

2.984 

0.40 

3/16 

14 

0.1 

» 

§.  000 

0.  035 

9.806 

i  '.no 

0.645 

9.  215 

0  161 

0.190 

8.79 

1.970 

0.612 

1/4 

24 

3.84 

Hi 

lu.000 

0.066 

18.420 

16  870 

1  ISO 

H  892 

0.299 

1.  524 

17.29 

15.930 

0.855 

1/4 

78 

18.04 

I  AM.E  •  »  INPUT  DATA.  DIMENS |< 'N-S,  AND  ESTIMATED  WEIGHTS  FOR  EXPERIMENTAL, 
ALUMINUM  UK»-I*S1  !4H«F-RINt.  t  .ONNECTORS 


HOD 
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>  ‘(X  Ijl  ill**  l»  nijx  i  jmr»  la.tyi  1 
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IWi -in-i  my  ti,«t  My  mul  oad  h  nl  I 
lit  in: -i,  ■  -llai^i  •  <tlil  tin  final  ytadfc  ni  I 
Hun:'ii»llii|;«  hut  tins nia I  cridu- m  F 
Hanyi  -ti'-ual  «fld  tin  final  yradkin  1 


Mm 

-C'JI/Ji'l' 


It' 

4 

10 


Flange -m-v  al  lift  thermal  gradient.  F 

Flange  ultimate  itti-ngth  pi 

Flange  yield  strength,  pi 

Ring  ultimate  nmyili  pi 

Ring  yield  stfinyih  pi 

Unit  ultimate  tirii^th  pi 

tk>ll  y»v  kl  itrvi^lh.  pi 


4 

42, 000 
t2,  200 
62.  000 
47 . 000 
02.  000 
41.000 


lllllllTMUm  in. 


Nii*  ill . 

1 1 V 

rw 

mu 

RID 

RT 

Fi» 

FID 

FT 

Bt. 

St® 

$U> 

SL 

Ikill  Stic 

No.  of  Bulls 

Weight,  ih 

N.a 

Cmnpai  tbit 

kith  Imcgial  r lamps 

1 

t.fiif  t 

•  "V* 

i  mo 

t  l*»5 

<i  2  )6 

i  i,91 

J  *344 

t)  273 

1  398 

1  64 

2  984 

0  490 

M  |ti 

14 

0.745 

* 

a  ......  i 

.  M  S'. 

»  IT.’ 

8  2*7 

<>  505 

8  -Ml 

1  910 

0  450 

3  212 

8.79 

7  910 

<l  672 

1/4 

94 

3.94 

If 

ii>  fff  i 

•.  m.s 

18  24" 

If  550 

0  liu 

17  444 

15  870 

0  B40 

11. 709 

17  29 

15  930 

l»  856 

1/4 

76 

18  19 

t  "iiipaubif  » 

ilh  IiMl 

yral  Flanges 

1 

t,  MHO  1 

1  "*J8 

4  100 

1  165 

0  294 

t.  697 

2  >44 

0  279 

1  898 

1  54 

2  9B4 

0.490 

1/18 

14 

0.  746 

8 

a.tmti  i 

•  "15 

l  806 

8  281 

0  520 

8  ‘>41 

7  310 

0  450 

3  275 
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TABLE  40  INPUT  DATA,  DIMENSIONS,  AND  ESTIMATED  WEIGHTS  ft*  EXPQUMENTAl,  ALUMINUM  1500 -PSI  INTEGRAL 'PLANCK  tXJNNSCTOHS 


Input  Dm 


Operating  prrsaurc,  pal 

1, 

,500 

Operating  temperature  range,  F 

-423/200 

Bolt -to -flange  cold  thermal  gradient.  F 

35 

Bolt -to -flange  hot  thermal  gradient,  F 

11 

Flange -to -teal  cold  thermal  jjadtent.  F 

60 

Flange -to-seal  Itot  thermal  gradient,  F 

20 

Flange  ultimate  ttrength.  pal 

42, 

000 

Flange  yield  itrength,  pai 

32, 

200 

Bolt  ultimate  ttrength,  pal 

62. 

000 

Bolt  yield  ttrength,  pai 

47, 

000 

Dime  mi  ura,  in 


Size,  in. 

TOP 

TW 

FOP 

FiP 

FT 

BC 

h 

HL 

SOD 

SIP 

SI 

Bolt  Size 

No.  of  Bolts 

Weight,  tt> 

3 

3.  000 

0.  114 

4.846 

2.771 

Not 

0.  824 

Compatible  With  Loose -Ring  Flanges 

4.192  0.221  0  845  3.360 

2.811 

0.473 

5/16 

16 

2. 30 

8 

8.  000 

0.30C 

iO.  645 

7.380 

1.962 

9.  583 

0.230 

2.253 

0.  310 

7.429 

0.567 

1/2 

28 

18.33 

16 

16.000 

0.  611 

20.791 

14.780 

4.  093 

18.  917 

0.458 

4  510 

16  438 

14.838 

0.627 

7/8 

28 

132.6 

3 

3.  000 

0.  114 

4.646 

2.771 

Compatible  With  Loose -Ring  Flanges 
0.824  4.192  0.221  0  345 

3.  360 

2.811 

0.473 

5/1 C 

10 

2.38 

8 

8.  000 

0.  306 

10.673 

7.389 

1.967 

9.611 

0.229 

2.253 

8  310 

7  429 

0,  567 

1/2 

28 

IH.1,8 

16 

16.  000 

0  611 

20.895 

14.780 

4.  143 

19  021 

0.  456 

4.510 

1C. 438 

14. 838 

0.627 

7/8 

28 

138.6 

TABLE  4  I  INPUT  DATA.  DIMENSIONS.  AND  ESTIMATED  WEIGHTS  FOH  EXPERIMENTAL, 
ALUMINUM  IMm-PSl  LOOSE -RING  CONNECTORS 


0|v  ratlin*  pr«  **urr  |n 
Operating  lcMi|vraimv  range  I 
iv  It -to-run:  t  old  ilicruul  cradictit  F 
Holt -to-run:  lh*i  llivrmal  gradient  t 
Riny-li*-ll*niii’  fold  thermal  gradient,  F 
KlUg-lo-ftailge  Ik**  iIk  rniil  gradient  F 
Flatly -to -tea I  f**ld  thermal  gradient  I' 


I  SOU 

-IlM/aWi 

in 

in 

»u 

in 

4  « 


Flangc-tu-ual  hoi  tliermal  gradient.  F 

Flange  ultimate  stiength,  pai 

Flange  yield  strength,  pti 

Ring  ul 1 1 mate  strength,  pai 

Rin^  yield  strength.  pai 

Unit  ultimate  strctyth.  pal 

Uolt  yield  strength.  pai 


10 

42.  Olid 
•>2.  200 
G2.  000 
47,  000 
02.  000 
47  IKM 


Dimensions,  m. 


St/e  mi. 

n«t) 

1  W 

RU) 

RID 

RT 

F«© 

FID 

FT 

BC 

SOD 

SID 

SL 

Suit  Stic 

No.  of  Bolts 

Weight,  Ih 

NiH  < 

■•mpaiihk'  With  Integral  Flanges 

1 

•.nun 

0.  1  14 

4 .  S46 

I  202 

0  S44 

1  SG2 

2.  771 

0,  059 

3.  889 

3.  760 

2  811 

0,473 

5/  56 

16 

1.16 

8 .  non 

0  .106 

10  67  1 

8.  424 

1.  120 

0.000 

7.  380 

1  040 

9.  611 

S3  1 0 

7.429 

0  567 

1/2 

26 

17.40 

Id 

10,  0IMI 

0,61 1 

2<  . 80S 

10.  800 

2.  ISO 

18  064 

14  780 

7  450 

19.  021 

16  438 

14.B38 

0,627 

7/8 

28 

121. 70 

Compatible 

With  Integral  Flanges 

3 

1.  oon 

II.  114 

4.846 

3  193 

0  640 

3  547 

2.  771 

0.614 

4,  192 

7.360 

2.  811 

0.473 

5/16 

1G 

2.27 

8 

8.000 

o.  :mh» 

»U.  673 

8  424 

1  120 

9  080 

7  389 

1.  840 

9.611 

8.  350 

7.423 

0.667 

1/2 

28 

17  48 

16 

Hi.  000 

0.  G 1 1 

20. 805 

16.  8C0 

2  150 

18.  084 

14.780 

3.  450 

19  021 

16.438 

14  838 

0.627 

7/8 

28 

121. 70 

h 
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TAIL!  42.  INPUT  DATA,  DIMENSIONS,  AND  ESTIMATED  WEIGHTS  FOR  IXPPUME  TVAl ,  ST  A>  'CESS  STEEL  100 -PS  l  INTEGRAL-F.  ANGE  CONNECTORS 


Input  Pat* 


Operating  picture,  pti 

100 

Operating  temperature  range,  F 

-423 /20C 

Bolt -to -flange  cold  thermal  gradient,  F 

18 

Bolt -to -flange  hot  tticrmal  gradient,  F 

6 

Flange -to -ical  cold  thermal  gradient,  f 

25 

Flange -to -teal  hot  thermal  gradient,  F 

8 

Flange  ultimate  strength  at  RT,  pai 

90,000 

Flange  yield  itrength  at  200  F.  psi 

30, 000 

Bolt  ultimate  strength  at  RT,  pti 

i3o.no 

Bolt  yield  strength  at  200  F.  pti 

85, COO 

Dimensions,  in. 


Size,  in. 

TOD 

TW 

FOD 

FID 

FT 

BC 

_ H_ 

HL 

SOD 

SID 

SL 

Bolt  Size 

No.  of  Bolts 

Weight,  lb 

Not  Compatible 

With  Loose 

-Ring  Flanges 

:t 

3.  '00 

0  026 

4.  316 

2  944 

o.  534 

3  914 

0.  926 

0.  431 

3.550 

2.  984 

0.  509 

3/16 

10 

2.48 

8 

8.000 

0.  035 

9.825 

7.930 

0  900 

9.  295 

0.  046 

0.7  90 

8.810 

7.  970 

0.697 

1/4 

18 

14.03 

16 

16.  000 

0.065 

18.462 

15.810 

1.740 

17.  932 

0.  084 

1.524 

17.327 

15.  930 

0.878 

:  /4 

56 

70.  00 

3 

3.  00 

0.028 

4.316 

2  944 

0.534 

Compatible  With  Loose -Ring  Flange. 

3.914  0.026  0  43  1  3.550 

2  984 

0.  509 

3/16 

10 

2.48 

8 

8  00 

0.  035 

9.825 

7 . 930 

U.90U 

9.295 

0, 040 

0.790 

8.81U 

7.  970 

0.697 

1/4 

18 

14.  03 

16 

16  00 

0.065 

18.462 

15.870 

1.740 

17.  932 

0.  084 

1.524 

17  327 

15.930 

0.878 

1/4 

56 

70.  00 

TAOLF  U  INPUT  DATA  DIMENSIONS.  AND  ESTIMATED  WEIGHTS  FOR  EXPERIMENTAL  STAINLESS  STEEL  100-PSl  LOOSE-RING  CONNECTORS 


tipc rating  pressure,  p«i 
Operating  umpt  ratlin-  range  F 
Bi'lt -in -ring  * old  thermal  gradient,  i 
Bolt -to -ring  i*x  tlkfujl  jindii  trt  I 

Ring>to- flange  <  nlj  itKimal  gradient.  F 
Rsr.g-tx -flange  tux  thermal  gradient,  i 
Flange  al  «>I0  thermal  gradient  F 


Input  Data 


100 

•Tange -to -seal  Ikh  thermal  gradient  F 

6 

200 

Flange  ultimate-  tfrength  at  RT  psi 

■JO.  000 

2  1 

Range  yield  strength  at  2  00  F,  psi 

10.  000 

7 

Ring  ultimate  strength  at  20i*  HI  psi 

no,  ooo 

U 

Ring  yield  strength  at  2  00  F,  rn 

85,  000 

u 

Bnit  ultimate  arength  at  RT  psi 

no,  ooo 

1” 

Bolt  yield  strength  at  2  00  F  psi 

85.  00 

Dinuntun:.  in 


TtM) 

1  w 

RID 

RT 

KOI) 

nn 

FT 

SOD 

SID 

SL 

Bolt  Siar 

No  of  b^:u 

Weight,  lb 

' 

Ni»f  t  <*t 

npatihle  With  Integral  Flanges 

1 

l  ooo 

u  tta 

i  ii>- 

t  on 

0  276 

)  713 

2  944 

0  324 

7  914 

l  550 

2  984 

0  509 

3  1b 

Vi 

1  98 

V 

n  ooo 

o  o-js 

•  1u8 

8  177 

0  400 

8  973 

7.  .‘-Hi 

0  495 

8  238 

8. 8  Hi 

7  97  0 

C  697 

1/4 

20 

!0  40 

Id 

16  OOO 

0  005 

18  2  6% 

Hi  752 

0  085 

17  49 «» 

15  87»> 

0  •n,r> 

17  754 

17  J27 

15  970 

0  878 

1  4 

48 

49  n 

(ompjiihU  With 

Integra  1 

Ranges 

, 

i  iioo 

»!  02  8 

4  71- 

1  tl«.| 

II  2  16 

3  713 

2  944 

0  324 

7  9i-i 

7  5-0 

2  984 

0  509 

J.  16 

12 

1  976 

OOO 

0  .175 

■»  WV" 

8  177 

0  400 

H  977 

7  9.10 

0  495 

1  295 

8  810 

7  970 

0  r/»7 

1/4 

20 

!  0  (,[■<) 

lu 

t>.  OOO 

0  (Mia 

if*  40V 

K.  14  u 

0  7  SO 

17  490 

IS  870 

0  j6f 

17  932 

17  327 

15  a30 

0  878 

1/4 

56 

5  l  800 
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TABLE  44.  INPUT  DATA.  DIMENSIONS.  AND  ESTIMATED  WEIGHTS  FOR  EXPERIMENTAL.  STAINLESS  STEEL  1500-PSI  INTEGRAL* FLANGE  CONNECTORS 


Bolt  3i.v 


Input  Dan 

Operatirg  pretiure.  pii 

Operating  temperature  range.  F 

Bolt -to  flange  cold  thermal  gradient,  F 

Bi>li -to -flange  Hot  thermal  gradient,  F 

Flange -to -teal  cold  thermal  gradient,  F 

Flange -to -ical  hot  thermal  gradient,  F 

Flange  ultimate  strength,  pat 

Flange  yield  strength,  psi 

Bolt  ultimate  strength,  pel 

Bolt  yield  strength,  pit 

Dimensions,  In.  _ 


Size,  in. 

TOD 

TW 

FOP 

FID 

'■  T 

BC 

H 

HL 

SOD 

SIP 

si 

Bolt  Size 

No.  of  BolU 

Weight,  lb 

Not 

Compatible  With  Loose- 

Ring  Flanges 

3 

3.00C 

0,  121) 

4.406 

2.  7 CO 

1. 000 

3.  678 

0.  095 

0.864 

1  3C0 

2.  799 

0.486 

1/4 

16 

5.5 

8 

8.000 

0.320 

9.892 

7  351 

:> .  i  oo 

9.  098 

0.  080 

2.303 

8.310 

7. 39y 

0.  579 

3/8 

34 

36  5 

16 

16. 000 

0.  641 

19. 006 

14.  71  . 

3.947 

17.  52i- 

0.  160 

4.6C7 

16.432 

14.778 

0.  040 

9/16 

44 

211. 0 

Compatible  With  Loose -Ring  Flange 

:s 

3 

3.  000 

0  120 

4.408 

2.760 

1.  0 

3,873 

0.  095 

0.  864 

3.360 

2.799 

0.486 

1/4 

16 

5.  5 

8 

8.  COO 

0.  320 

9.892 

7.359 

2.  1 

9.  09t> 

0.080 

2.  303 

8.310 

7. 399 

0.579 

3/8 

34 

36.  5 

16 

16. 0^0 

0.  641 

18.787 

14.718 

1.9 

17.725 

0.  160 

4.607 

16.432 

14.778 

0.640 

1/2 

52 

191.0 

TABLE  ««.  INPUT  DATA,  DIMENSIONS.  AND  ESTIMATED  WEIGHTS  R®  EXPBUi  UNTAL,  STAINLESS  STEEL  4000-PSl  INTEGRAL'FLA  NGE  CONNECTORS 


Operating  pteovtr,  psl 
operating  temperature  range,  F 
Bolt -to -flange  cold  thermal  padient,  F 
Bolt -to -flange  hoe  thermal  gradient,  F 
Flange -to -seal  cold  thermal  padient,  F 
Flange  -to -seal  hot  thermal  gradient,  F 
Flange  ultimate  strength  at  RT,  pit 
Flange  yield  strength  at  600  F,  pti 
Bolt  ultimate  trrength  at  RT.  psl 
Bolt  yield  strength  at  600  F,  pit 


-♦23/600  F  system  T0/6  K)  FSysic  m  -423/200  F  System 


4000 
-423  200 
55 
18 
TO 
23 

90.  000 
30,000 
130,000 
85, 000 


Dimensions,  in, 


TOP 

TW 

FOP 

FID 

FT 

8C  H 

HL 

SOP 

SID 

SL 

Bolt  Size 

3.  00 

0. 361 

5.419 

2.280 

2.437 

-423/600  F  Si 
4.625  0.185 

tstem 

1.  360 

3. 166 

2  317 

0.  216 

3/8 

3.  00 

0.361 

4.982 

2.  277 

1. 853 

70/600  F  System 

4.1875  0.185  1.361 

3.  086 

2.  317 

0.  247 

3/8 

3.00 

0,306 

4.902 

2.339 

1. 738 

-423/200  F  S’ 
4.1875  0.185 

ytfem 

1.282 

3.  197 

2.429 

0.  258 

3/8 

Bolt  Size  No.  of  Bolts  Weight,  lb 


TABLE  47.  INPUT  DATA.  DIMENSIONS,  AND  ESTIMATED  WEIGHTS  Ft)R  EXPERIMENTAL,  STAINLESS  STEEL  4000 -PSi  LOOSE -RING  CONNECTORS 


_  _ _ input  i*ua 

t Operating  pressure,  psi 
Operating  lenns-raturc  rang*..  F 
Bolt  -to  -ring  coid  thermal  gradient,  l 
Unit -n> -ring  Inti  thermal  gradient,  F 
Rmg-t>'  flange  cold  thermal  ^adertt.  F 
Ring -to -flange  In  a  thermal  gradient,  1 
Flange -to -k a!  cold  thermal  pa'Jiem,  » 
Flange -to  k-jI  hot  thermal  gradient,  I 
MaiiyN  ultimate  strength  at  RT  ,  p*i 
Flange  yield  strength  at  »>00  1  p»i 
Ring  ultimaie  strengtli  at  RT.  p*i 
Ring  yield  strength  at  6uti  > ,  pu 
Bolt  ultimate  strength  at  R1 ,  psi 


f6d 

-4^3/0«ju  T  System 


SOD  FID  8c  SID 

TO /too  F  System  -423/ 


•423/200  F  System 


4,  ouO 
-423 /20U 
7l> 
23 
55 
18 
55 
18 

do,  ooo 

30,  00o 
130, 000 
83.  «HMJ 
130,  000 


;ld  strength  at  t m 

1  F,  IH* 

7  5.  D'.Mf 

Pinwimimt.  ui. 

-J  5, 

one 

85.  OCO 

ROD 

~  RID 

“jtT“ 

Fi>D 

RD  FT 

BC 

SOD 

silc 

sL 

Bolt  sue 

No  <>f  Bolti 

w*‘KhU 

5.419 

3. 

■  cS 

4.  '> 

-422/618)  |  system 
’  130  2  377  4 

625 

J  .  1  l»»i 

2.317 

o.  216 

3/8 

18 

21.  52 

5  23  2 

J,  J82 

0  723 

4  041 

70/600  system 
2.277  1  637  4 

438 

J  086 

2.31:7 

0  247 

3/8 

16 

1 3  32 

*.  232 

i 1  65t> 

4  041 

-423/200  F  s yHr.it 

2  389  1.678  4 

937  5 

3.  197 

/ .  429 

0.  258 

3/8 

16 

!  4  iV 

98 


Ill 


FLANGED-CONNECTOR  EVALUATION 


The  laboratory  evaluation  of  representative  flanged  connectors  is  described  in 
seven  parts:  (1)  qualification  test  objectives,  (2)  qualification  testing  of  small 
aluminum  connectors,  (3)  qualification  testing  of  small  stainless  steel  connectors, 

(4)  qualification  testing  of  small,  high-pressure  stainless  steel  connectors,  (5)  quali¬ 
fication  testing  of  large  aluminum  connectors,  (6)  qualification  testing  of  large,  stain¬ 
less  steel  connectors,  and  (7)  summary  and  conclusions. 


Qualification  Test  Objectives 


A  test  plan  was  prepared  and  approved  prior  to  the  qualification  testing.  The 
plan  was  formulated  to  demonstrate  through  tests  of  representative  connectors  under 
worst-case,  performance  conditions,  that  the  design  procedure  is  applicable  to  the 
following: 

(1)  Flanged  connectors  made  of  aluminum  or  stainless  steel 

(2)  Aluminum  flanged  connectors  for  operation  from  -423  to  200  F 

(3)  Stainless  steel  flanged  connectors  for  operation  over  three  temperature 
ranges:  (a)  -423  to  200  F,  (b)  -423  to  600  F,  and  (c)  ambient  to  1200  F 

(4)  Aluminum  flanged  connectors  for  operation  from  0  to  1500  psi,  and 
stainless  steel  flanged  connectors  for  operation  from  0  to  6000  psi. 


Selected  Tests 


The  following  general  tests  were  selected  as  representative  of  worst-case  perfor¬ 
mance  conditions.  The  procedures  followed  for  each  connector  are  summarized  as  a 
part  of  the  discussion  of  the  test  results. 


1.  Proof  Pressure.  The  connector  was  to  be  subjected  to  one-and-one-half  times 
the  maximum  operating  pressure  at  the  maximum  design  temperature.  The  maximum 
acceptable  leakage  was  to  be  2  x  10'^  atm  cc/sec  of  helium  per  inch  of  seal  circumfer¬ 
ence,  and  the  connector  was  to  show  no  permanent  distortion  or  damage. 


2,  Thermal  Gradient.  The  leakage  was  to  be  measured  at  the  minimum  and  maxi¬ 
mum  design  temperature  and  during  the  thermal  transients.  Maximum  acceptable  leak¬ 
age  with  maximum  operating  pressure  was  to  be  2  x  10"^  atm  cc/sec  of  helium  per  inch 
of  seal  circumference. 


3.  Stress  Reversal  Bending.  The  connector  was  to  be  cantilever  mounted  and 
subjected  to  200,000  cycles,  or  the  life  of  the  tubing,  of  stres  s  -  reversal  bendin  ,  with 
maximum  operating  pressure  at  the  maximum  design  temperature.  Maximum  acceptable 
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leakage  was  to  be  2  x  10"?  atm  cc/sec  of  helium  per  inch  of  seal  circumference.  The 
rate  of  application  was  not  to  exceed  1800  cpm,  and  the  moment  applied  to  the  fitting 
during  these  tests  was  to  be  M  =  ZSb,  but  not  more  than  60  (D  +  3)3,  where 


M  =  moment  applied  to  the  connector,  in-lb 

Z  =  section  modulus  of  the  tubing  used  with  the  connector,  in.  3 

Sfc  =  lower  of  (a)  0.667  x  short  time  yield  strength 

(b)  0.  800  x  stress  to  rupture  in  2  years 

(c)  0.  5  x  200,  000  cycle  fatigue  strength 

a,  b,  and  c  are  evaluated  at  maximum  connector  design  temperature 
D  =  tubing  diameter,  in. 


4.  Pressure  Impulse.  The  connector  was  to  be  given  a  proof-pressure  test  prior 
to  the  pressure -impulse  test.  All  impulse  testing  was  to  be  conducted  at  ambient  tem¬ 
perature  at  the  rate  of  35  ±  5  cycles  per  minute.  Each  impulse  cycle  was  to  con¬ 
stitute  a  rise  from  approximately  0  psi  to  a  peak  surge  pressure  and  drop  to  approxi¬ 
mately  0  psi.  The  peak  surge  pressure  was  to  be  within  1 . 43  to  1. 57  times  the  working 
pressure,  as  shown  by  an  oscillograph  or  other  electronic  measuring  device.  The 
connector  was  to  complete  200,  000  impulse  cycles,  after  which  it  was  again  to  be 
given  a  proof-pressure  test. 


5.  Vibration.  The  connector  was  to  be  vibrated  for  200,  000  cycles  at  an  approxi¬ 
mate  resonant  frequency  of  160  cps,  at  the  maximum  design  temperature  with  the  maxi¬ 
mum  operating  pressure.  The  moment  at  the  fitting  was  to  be  the  same  as  for  the 
stress-reversal-bending  test. 


6.  Repeated  Assembly.  A  limited  number  of  connectors  were  to  be  assembled 
and  disassembled  25  times  and  subjected  to  operating  pressure.  No  leakage  greater 
than  2  x  10“^  atm  cc/sec  of  helium  per  inch  of  seal  circumference  was  to  be  acceptable. 


7.  Misalignment.  The  connector  was  to  be  assembled  with  angular  misalignment 
of  such  magnitude  that  the  bending  load  would  equal  one -half  the  bending  load  used  in 
the  stress-reversal-bending  test. 


8.  Tightening  Allowance.  The  connector  was  to  be  assembled  to  the  design 
fastening  load  plus  10  percent.  If  no  damage  occurred,  the  fastening  load  was  to  be 
increased  ir  increments  of  10  percent  until  damage  was  detected. 


Connectors  Selected  for  Test 


The  representative  connectors  selected  for  test  are  shown  in  Table  48.  The 
selection  of  these  connectors  is  discussed  below. 
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TABLE  48.  SELECTED  REPRESENTATIVE  CONNECTORS 


Aluminum, 

Stainless  Steel. 

Stainless  Steel, 

Stainless  Steel, 
Ambient  to  1200  F 

Tube  0  to  1500  Psi, 

OD,  -423  to  200  F 

0  to  1500  Psi, 
-423  to  200  F 

0  to  4000  Psi, 
-423  to  600  F 

Max  Pressure 
to  be 

in. 

100  Psi  1500  Psi 

100  Psi  1500  Psi 

100  Psi  4000  Psi 

100  Psi  Determined 

3 

X  X 

X 

X  X 

X  X 

8 

X 

X  X 

16 

X  X 

X  X 

this 

The  materials  that 
report  are  stainless 

can  be  selected  for  the  four  service  ranges  listed  on  page  3  of 
steel  for  all  ranges,  and  aluminum  for  the  low-pressure  range 

from  -423  to  200  F.  The  representative  connectors  were  selected  from  four  of  the  five 
possible  service  range  -  material  combinations.  The  fifth  combination,  stainless  steel 
for  0-6000  psi  at  -423  to  200  F,  was  not  selected  because  the  applicability  of  the  design 
procedure  to  such  connectors  v/as  expected  to  be  demonstrated  by  tests  with  the  other 
selected  connectors,  particularly  the  4000-psi  connectors. 

The  design  steps  required  for  low-  and  high-pressure  flange  connectors  are  not 
necessarily  the  same.  Consequently,  high-  and  low-pressure  connectors  were  included 
in  each  service  range.  Two  low-pressure  connectors  were  omitted  because  the  other 
connectors  were  expected  to  demonstrate  the  applicability  of  the  computerized  procedure 
to  these  connectors. 

The  high  pressure  for  the  1200  F  service  range  was  to  be  established  on  the  fol¬ 
lowing  basis.  The  connector  used  for  the  test  was  to  be  dimensionally  the  same  as  the 
connector  designed  for  the  high-pressure  test  of  the  0  to  4000-psi  service  range.  A 
period  of  time  (approximately  3  hours)  at  1200  F  was  to  be  selected  so  as  to  be  repre¬ 
sentative  of  high-temperature  systems  and  also  to  be  compatible  with  the  test  opera¬ 
tions.  The  pressure  was  then  to  be  selected  as  the  maximum  pressure  at  which  the 
connector  could  operate  satisfactorily  for  the  time  period  selected.  (As  the  testing 
effort  encountered  unexpected  difficulties,  tests  with  1200  F  connectors  were  deleted 
from  the  program.  ) 

If  there  were  no  limitations  in  the  facility  test  capabilities,  it  would  have  been 
necessary  only  to  test  connectors  of  the  smallest  and  largest  sizes  to  demonstrate  the 
applicability  of  the  design  procedure  over  the  complete  size  range.  However,  an 
8-inch  connector  was  the  largest  connector  that  could  be  subjected  to  the  stress- 
reversal  bending  test  at  Batteile.  Consequently,  8-  and  16-inch  connectors  were 
selected  to  represent  the  largest  connectors,  depending  on  the  tests  required. 

Three-inch  connectors  were  selected  to  represent  the  smallest  connectors  be¬ 
cause:  (a)  the  design  procedure  for  smaller  sizes  included  allowances  for  fabrication 
limitations,  (b)  the  3-inch  size  represented  the  largest  size  in  two  service  ranges,  and 
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(c)  use  of  a  3 -inch  size  in  all  service  ranges  permitted  considerable  standardization  of 
test  equipment  and  procedures  and  consequent  cost  savings  in  the  test  program. 


Tests  Selected  for  Each  Connector 


It  was  not  possible  to  subject  each  connector  assembly  to  every  test.  One  reason 
was  that  three  of  the  tests  (stress -reversal  bending,  vibration,  and  pressure  impulse) 
were  fatigue  tests.  Another  reason  was  that  the  assembly  required  for  a  thermal- 
gradient  test  could  not  readily  be  used  for  a  vibration  test.  It  was  decided  that  two 
connector  assemblies  of  each  design  would  be  used  for  a  complete  series  of  tests.  It 
was  also  decided  that  it  was  not  necessary  to  conduct  a  complete  series  of  tests  for 
every  connector  design  if  the  tests  for  one  connector  design  demonstrated  to  an  acce  pt- 
able  degree  the  applicability  of  the  design  procedure  to  other  connector  designs. 

As  shown  in  Table  49,  a  complete  series  of  tests  was  planned  for  two  connector 
designs:  (1)  the  3-inch,  1500-psi  aluminum  connector,  and  (2)  the  3-inch,  1500-psi 
stainless  steel  connector.  (The  test  numbers  coincide  with  those  given  previously.  ) 
These  tests  were  expected  to  demonstrate  the  applicability  of  the  design  procedure  to 
small  connectors  for  all  performance  aspects  except:  (1)  low  pressure,  (2)  pressure  in 
excess  of  1500  psi,  and  (3)  operation  at  600  F. 

The  low-pressure  operation  of  small  connectors  was  to  be  demonstrated  by 
Tests  1  -3  and  8  on  an  aluminum  connector,  and  by  Tests  1,  2,  and  4  on  a  stainless  steel 
connector  at  600  F.  Test  5  was  not  planned  for  low  pressure  because  the  stress - 
reversal  bending  at  low  pressure,  combined  with  the  vibration  test  at  1500  psi,  was  ex¬ 
pected  to  demonstrate  the  ability  of  the  connector  to  sustain  vibration  at  low  pressure. 
Tests  6  and  7  were  not  planned  for  low  pressure  because  the  connector  features  related 
to  repeated  assembly  and  misalignment  were  not  significantly  affected  by  the  low- 
pressure  design  considerations. 

The  applicability  of  the  design  procedure  for  pressures  higher  than  .1500  psi  was 
to  be  demonstrated  by  Testa  1-4  and  8  with  a  4000-psi  stainless  steel  connector 
assembly  at  600  F.  The  overall  performance  capability  of  connectors  at  600  F  was 
to  be  demonstrated  by  the  same  tests  and  by  Tests  1,  2,  and  4  at  600  F  on  a  low- 
pressure  stainless  steel  connector.  Tests  5-7  were  not  to  be  conducted  for  the  same 
reasons  described  above  in  relation  to  the  low-pressure  demonstrations. 

As  shown  in  Table  49,  tests  with  the  8-inch  connectors  were  to  demonstrate  the 
performance  of  large  connectors  under  all  conditions  except  pressure  impulse  (Test  4), 
vibration  (Test  5),  and  tightening  allowance  (Test  8).  Tests  6  and  7  were  planned  for 
only  one  assembly  each  because  the  design  considerations  tor  repeated  assembly  and 
misalignment  were  not  expected  to  be  significantly  affected  by  either  pressure  or 
material. 

The  performance  of  large  connectors  during  Tests  4  and  8  was  to  be  demon¬ 
strated  with  16-inch  connectors.  Because  of  the  importance  of  Tests  1  anc  2,  Test  i 
was  to  be  conducted  with  every  16 -inch  connector,  and  Test  2  was  to  be  conducted  with 
two  of  the  16-inch  connectors.  Test  5,  the  vibration  test,  was  not  planned  for  any  large 
connectors  because  the  test  was  difficult  to  conduct  with  large  sizes,  and  because  the 
resistance  to  vibration  was  to  be  demonstrated  by  vibration  tests  with  the  3 -inch  con¬ 
nectors,  by  stress  -  reversal-bending  tests  with  the  8-inch  connectors,  and  by  pressure- 
impulse  tests  with  tie  16-inch  connectors. 


TABLE  49. 


QUALIFICATION  TESTS  SELECTED  FOR  REPRESENTATIVE 
CONNECTOR  ASSEMBLIES 


Tube  OD, 

Aluminum,  - 

423  to  200  F 

Stainless  Steel, 

-423  to  200  F 

inches 

100  Psi 

1500  Psi 

100  Psi 

1500  Psi 

3 

Tests: 

1-3,  8 

1-4, 5-8 

1-4, 5-8 

Assembly:^) 

L-L 

I-L,  I-I 

L-L,  L-L 

8 

Tests: 

1-3,  6 

1-3,7 

1-3 

Assembly: 

I-L 

I-L 

I-L 

16 

Tests: 

1,2,  4,  8 

1,4,8 

1,2, 4, 8 

1,4,8 

Assembly: 

I~L 

I-L 

I-L 

I-L 

r 

tainless  Steel, 

-423  to  600  F 

— 

100  Psi 

4000  Psi 

3 

Teste: 

1,2,4 

1-4,  8 

Assembly: 

I-L 

I-I 

(a)  1-1  =  integral /integral  flange  assembly 
I-L  -  integral/loose-ring  flange  assembly 
L-L  -  loose-ring/loose-ring  flange  asseiribly. 
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Qualification  Testing  of  Small 
Aluminum  Flanged  Connectors 


The  test  schedule  shown  in  Table  49  was  followed,  although  the  type  of  assembly 
was  altered  for  some  of  the  tests.  Details  of  the  test  procedures  and  the  test  results 
are  discussed  for  each  of  the  eight  types  of  tests. 


Test  1.  Proof  Pressure 


i  ^st  Procedures.  Test  1  was  conducted  with  a  100-psi  integral/ loose -ring  con- 
net  tor  and  a  1500-psi  integral/loose -ring  connector.  Each  connector  was  machined  as 
part  of  a  '  dermal -gradient"  assembly  similar  to  that  shown  in  Figure  77.  First,  each 
connector  was  assembled  with  a  primary  and  secondary  seal.  A  torque  of  24  in-lb  was 
applied  to  the  fourteen  No.  10-32  aluminum  studs  of  the  100-psi  connector,  and  a 
torque  of  175  in-lb  was  applied  to  the  fourteen  3/8-inch  aluminum  studs  of  the  1500-psi 
connector.  A  50/50  mixture  of  Lubriseal  and  M0S2  was  used  to  lubricate  the  stud 
threads  and  the  nut  collars  of  both  connectors.  Following  this  assembly,  thermo¬ 
couples,  strain  gages,  and  heaters  were  applied  to  the  outside  of  each  connector.  One 
heater  was  located  on  the  tubular  portion  of  the  stub  flange,  while  the  other  was  located 
on  the  tubular  portion  of  the  integral  flange. 

Next,  an  assembled  connector  and  the  seal  pressurizing  line  were  attached  to  the 
base -plate  assembly.  A  Bobbin  seal  was  placed  between  the  transition  flange  and  the 
base  plate.  Finally,  the  vacuum  chamber  was  placed  around  the  connector  and  the 
pressurizing,  electrical,  and  vacuum  leads  were  connected. 

Each  test  was  started  by  pressurizing  the  volume  enclosed  by  the  primary  con¬ 
nector  seal  and  the  secondary  seal  with  helium  and  by  pressurizing  the  remaining  in¬ 
ternal  connector  volume  with  nitrogen.  Both  volumes  were  pressurized  simultaneously 
to  the  proof-pressure  level  (150  pai  for  the  100-psi  connector,  and  2250  psi  for  the 
1500-psi  connector).  After  5  minutes,  the  pressure  in  both  volumes  was  reduced  to  zero 
and  the  connector  temperature  was  increased  to  200  F,  at  which  time  the  internal  pres¬ 
sure  in  both  volumes  was  again  raised  to  the  proof-pressure  level.  After  15  minutes  at 
maximum  temperature  and  pressure,  the  connector  was  cooled  to  room  temperature 
while  the  proof  pressure  was  maintained  in  the  secondary  seal  volume  and  the  connector 
volume.  After  5  minutes  at  room  temperature  the  test  was  concluded.  The  helium 
mass  spectrometer  was  used  to  monitor  leakage  during  the  entire  test. 


Teat  Results.  The  maximum  leakage  rate  measured  during  the  test  of  the  100-psi 
connector  was  i.3x  10_<^  atm  co/sec  per  inch  of  seal  circumference,  while  the  maximum 
leakage  rate  measured  for  the  1500-psi  connector  was  3.  1  x  10*9  atm  cc/sec  per  inch  of 
seal  circumference. 
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Loom  ring 
Stub  flange 

Metallic  bellows 
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Integral  flange 


Strip  heater 


Circular  stub  flange  extension 
for  attachment  to  cantilever 
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Thermocouple 


Nitrogen 


'  Port  for  connection  to  cryogenic  valve 
for  thermol  -  gradient  test  Port  is 
plugged  for  proof  -  pressure  and 
stress  -  reversal  -  bending  tests. 


Regulator 


FIGURE  77.  THERMAL -GRADIENT  ASSEMBLY 


05 


Test  2.  Thermal  Gradient 


Teat  Procedures.  The  thermal-gradient  test  was  conducted  with  the  100-psi  and 
1500-psi  assemblies  used  for  the  proof-pressure  tests.  Figure  78  is  a  schematic 
drawing  of  the  major  components  of  the  thermal- gradient  test  system  that  was  tried 
initially.  (The  connector  assembly  was  rotated  130°  from  the  position  shown  in  Fig¬ 
ure  77.  )  At  the  start  of  the  test,  the  LN2  tank  was  filled  with  LN2  and  pressurized  to 
50  psi.  The  cryogenic  valve  was  used  to  valve  the  LN2  into  the  connector.  When  the 
boiling  of  the  LN2  had  raised  the  pressure  in  the  entire  system  to  1500  psi  and  the  vent 
valve  was  venting  gaseous  nitrogen,  the  pressure  in  the  LN2  tank  was  increased  until  an 
equilibrium  condition  had  been  reached  for  the  in-flow  of  LN2  and  the  outflow  of  gaseous 
nitrogen. 

Pressure  Relief  Valves 


FIGURE  78.  THERMAL-GRADIENT- TEST  SYSTEM 

Operation  of  this  system  was  unsatisfactory  because  the  large  heat  sink  of  the 
base  plate  prevented  rapid  cooling  of  the  connector.  It  was  found  that  sufficiently  rapid 
cooling  could  be  obtained  if  the  base  plate  was  pre cooled  with  dry  ice  and  if  the  stub 
flange  extension  of  the  thermal -gradient  assembly  was  cooled  independently  during  the 
cooling  cycle.  A  second  type  of  vacuum  chamber  was  made  which  completely  enclosed 
the  stub  flange  extension,  thus  eliminating  the  elastic  seal  at  that  point  which  would  not 
seal  in  the  presence  of  liquid  nitrogen.  Metal-to-metal  contact  was  maintained  between 
the  stub  flange  extension  and  the  vacuum  chamber  so  the  extension  could  be  cooled  by 
immersion  of  the  lower  part  of  the  vacuum  chamber  in  LN2- 

The  temperature  of  the  heaters  was  controlled  by  a  Variac.  Three  thermocouples 
were  used  to  determine  the  thermal  gradients.  They  were  located  on  the  stub  flange, 
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on  the  middle  of  one  of  the  atuds,  and  on  the  loose  ring  midway  between  two  bolt  holes. 
The  thermocouples  were  also  found  to  provide  a  good  indication  of  the  presence  of 
liquid  nitrogen  in  the  connector. 

At  the  start  of  *he  thermal-gradient  test,  the  steel  base  plate  was  precooled  with 
dry  ice,  and  the  extension  of  the  stub  flange  was  precooled  with  liquid  nitrogen.  The 
connector  was  then  heated  to  200  F.  (The  leakage  of  each  connector  at  this  temperature 
had  been  checked  during  the  proof-pressure  test.  )  The  heaters  were  then  turned  off 
and  the  volume  enclosed  by  the  primary  connector  seal  and  the  secondary  seal  was 
pressurized  with  helium  to  the  maximum  working  pressure  (100  psi  and  1500  psi),  while 
the  remaining  connector  volume  and  the  LN;j  standpipe  were  pressurized  simultaneously, 
and  LN£  was  forced  into  the  connector.  When  thermal  equilibrium  had  been  reached, 
the  in-flow  of  LN£  was  stopped,  and  the  heaters  on  the  connector  were  used  to  raise  the 
connector  temperature  to  200  F.  The  test  was  designed  to  cool  the  connector  as  rapidly 
as  possible  to  simulate  the  sudden  flow  of  LN2  through  a  connector  that  had  been  ex¬ 
posed  to  the  hot  sun.  The  heating  cycle  was  conducted  relatively  slowly  to  simulate 
heating  from  atmospheric  conditions. 


Test  Results.  The  thermal  gradients,  equilibrium  temperatures,  and  maximum 
leakage  rates  for  the  100 -psi  and  1500 -psi  connectors  are  shown  in  Table  50.  The  dif¬ 
ference  between  the  average  thermal  gradients  obtained  during  the  qualification  testa  and 
those  obtained  for  the  simulated  assemblies  (see  Table  26)  were  caused  by  differences 
in  the  location  of  the  thermocouples.  It  was  believed  that  the  test  procedure  had  pro¬ 
duced  representative  maximum  thermal -gradient  conditions.  It  can  be  seen  that  all  of 
the  measured  leak  rates  were  well  below  the  required  value  of  2  x  10"?  atm  cc/sec  per 
inch  of  seal  circumference. 


TABLE  50.  THERMAL  GRADIENTS,  EQUILIBRIUM  TEMPERATURES,  AND 
MAXIMUM  LEAKAGE  RATES  FOR  3 -INCH,  ALUMINUM 
FLANGED  CONNECTORS 


Maximum 

Operating 

Pressure, 

psi 

Cycle 

Thermal  Gradient,  F 

Stub  Flange  to  Loose  Ring 

Loose  Ring  to  Stud 

Equilibrium 
Temp,  F 

Maximum  Leakage 
Rate 

atm  cc/ sec 

100 

1 

60 

12 

-292 

1. 8  x  10-9 

2 

56 

13 

-242 

0. 8  x  10-9 

3 

50 

12 

-293 

0. 8  x  10-9 

4 

48 

16 

-297 

0. 8  x  1 0 "9 

5 

67 

9 

-297 

1. 2  x  10'9 

Average  65 

12 

-294 

1.  1  x  10-9 

1500 

1 

34 

15 

-225 

1. 2  x  10"8 

2 

37 

12 

-217 

0.  9  x  10‘8 

3 

67 

18 

-228 

0.  4  x  10‘8 

4 

77 

(b) 

-210 

0. 6  x  10'8 

5 

54 

(b) 

-292 

0. 6  x  lO-8 

6 

64 

(b) 

-212 

0. 6  x  10'8 

Average  58 

15 

-231 

0.  7  x  1 0 - 8 

(a)  Helium  leakage  rate  per  inch  of  seal  circumference, 
(b;  Thermocouple  failed  after  three  cycles. 
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Test  3.  Stress -Reversal  Bending 


Test  Procedures.  This  test  was  conducted  with  the  the rmal - g radient  assemblies 
that  weie  used  for  Tests  1  and  2  for  the  100-psi  and  1500-psi  connectors.  Each  assem¬ 
bly  was  mounted  as  the  base  of  a  rotating  cantilever  beam  in  the  test  equipment  shown  in 
Figure  79.  The  cantilever  beam  was  designed  to  provide  mechanical  resonance  at  the 
operating  speed  of  the  machine  (1800  rpm) ,  The  cantilever  beam  was  clamped  to  the  stub 
flange  extension  provided  on  the  thermal-gradient  assemblies,  and  a  fine-tuning  weight 
was  used  to  provide  adjustment  for  mechanical  resonance  of  the  different  assemblies. 
Strain  gages  were  attached  to  the  cantilever  beam  to  determine  the  moment  being  applied 
to  the  connector. 


FIGURE  79.  4 -INCH -DIAMETER  PIPE  SPECIMEN  BEING  INSTALLED  IN 

STRESS -REVERSAL -BENDING  MACHINE 

The  first  1500-psi  aluminum  connector  was  fabricated  with  flanges  that  were  too 
thick.  This  connector  was  used  to  calibrate  the  equipment  for  the  proof-pressure  test, 
the  thermal-gradient  test,  and  the  stress -reversal-bending  test.  As  the  speed  of  the 
stress -reversal -bending  calibrations  for  this  connector  was  increased  to  1800  rpm, 
the  strain  gages  or  the  cantilever  beam  recorded  a  reduction  in  strain.  This  could  not 
be  changed  by  any  adjustment  of  the  tuning  weight.  An  examination  of  the  equipment 
showed  that  the  cantilevei  beam  was  not  stiff  enough  to  maintain  the  configuration  of  a 
simple  cantilever  at  speeds  above  500  rpm,  and  a  reverse  bend  was  being  introduced  dy¬ 
namically.  Not  only  did  this  make  the  strain-gage  readings  worthless,  but  an  excessive 
moment  was  being  applied  to  the  connector.  This  problem  was  corrected  by  selecting  a 
low  test  speed.  However,  it  was  decided  that  strain  gages  would  be  applied  to  each  con¬ 
nector  as  a  check  on  the  strain  gages  on  the  cantilever  beam. 
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Each  thermal-gradient  assembly  was  mounted  in  the  teat  equipment  and  heated  to 
200  F.  The  volume  between  the  primary -secondary  seals  was  pressurized  with  helium 
at  the  maximum  working  pressure  (100  psi  and  1500  psi),  and  the  connector  volume 
was  simultaneously  pressurized  with  nitrogen  to  the  same  pressure.  A  bending  moment 
of  2521  in-lb  was  applied  to  the  100-pai  connector,  and  a  bending  moment  of  9500  in-lb 
was  applied  to  the  1500-psi  connector.  A  speed  of  392  cpm  was  selected  for  each  test. 


Test  Results.  The  100-psi  connector  was  subjected  to  218,250  cycles  of  stress- 
reversal  bending  before  failure  occurred.  The  failure  was  a  group  of  three  or  four 
very  small  holes  located  3  inches  from  the  bottom  of  the  mounting  flange  on  the  tubular 
portion  of  the  stub  flange.  It  was  believed  that  the  failure  was  caused  by  localized 
stresses  resulting  from  an  indentation  in  the  0.  028-inch  tube  wall  approximately 
1/4  inch  from  the  point  of  failure.  The  maximum  helium  leakage  rate  measured  during 
the  test  was  1.  5  x  10*9  atm  cc^sec/inch  of  seal  circumference. 

The  1500-psi  connector  was  subjected  to  241, 500  cycles  of  stress-reversal  bend¬ 
ing  before  failure  occurred.  The  failure  was  a  fine  circumferential  crack,  approxi¬ 
mately  1/2  inch  long,  located  1-1/2  inches  from  the  O-ring  groove,  on  the  tubular 
portion  of  the  stub  flange.  The  maximum  helium  leakage  rate  measured  during  the  test 
was  0.35  x  10'9  atm  cc/ sec  per  inch  of  seal  circumference. 

Because  neither  failure  in  the  aluminum  connector  assemblies  occurred  in  the 
connector  material,  and  because  each  test  achieved  the  required  200,  000  cycles  of 
stress-reversal  bending,  the  test  results  were  judged  to  be  satisfactory. 


Test  4.  Pressure  Tmpulee 


Test  Procedures.  This  test  was  conducted  with  a  3 -inch,  1500-psi  "vibration 
assembly"  instead  of  a  "thermal  gradient"  assembly.  The  vibration  assembly  con¬ 
sisted  of  a  connector  without  a  secondary  seal,  with  tube  extensions,  and  with  a  pres  - 
surizing  port,  similar  to  the  conne  .tor  shown  in  Figure  8C. 


FIGURE  80.  VIBRATION  ASSEMBLY 


Figure  81  shows  schematically  the  arrangement  of  the  pressure-impulse  equip¬ 
ment.  Hydraulic  pressure  was  adjusted  for  2250  psi  at  the  output  of  the  power  unit, 
and  a  solenoid-actuated  directional-control  valve  was  used  to  control  the  flow  to  the  test 
fitting.  A  Bell-O-Fram  type  diaphragm  was  used  to  separate  the  hydraulic  oil  from 
the  alcohol  in  the  test  fitting.  A  switch  and  motor -driven  gear -cam  arrangement  was 
designed  to  operate  the  solenoid  valve  to  produce  the  desired  cycling  rate.  Needle 
valves  were  installed  in  the  inlet  and  return  lines  of  the  directional-control  valve  to 
provide  adjustable  restriction  on  the  flow  of  oil  and  thereby  control  the  rate  of  pressure 
rise. 


Oacllloacopm 


T«»t  Fitting 


Alcohol 

Dltphrmgn  Separator 


Tvo-Poaition  Directional  Control 
Valve,  Controlled  by  a  Motor- 
Driven,  Cam-Switch  Arrangement 
leedle 
Valve 


Freaaure  Relief 
Valve 


r - 1 

Hydraulic  Power  | 
'  Supply  I 


FIGURE  81  .  SCHEMATIC  DIAGRAM  OF  PRESSURE -IMPULSE  EQUIPMENT 


The  connector  was  first  assembled  for  a  helium  leak  check.  Because  of  a 
previous  failure  in  the  vibration  test  (see  page  111)  a  modified  3-inch,  1500-psi 
aluminum  connector  was  used  which  contained  a  stronger  hub  and  sixteen  5/ 16-inch 
studs.  The  nuts  were  torqued  to  110  in-lb,  using  a  50/50  mixture  of  Lubriseal  and 
M0S2  to  lubricate  the  stub  threads  and  nut  collars.  A  leakage  check  at  room  tempera¬ 
ture  showed  no  detectable  leakage  at  2250  psi  of  helium.  Pressure  traces  recorded  at 
various  times  throughout  the  test  showed  that  sharp  impulses  were  being  obtained  at  a 
rate  of  40  cycles  per  minute,  and  that  dwell  times  of  approximately  3/5  second  existed 
at  both  the  maximum  and  minimum  pressure  levels.  A  typical  trace  is  shown  in 
Figure  82. 


FIGURE  82.  PRESSURE  CYCLES  MEASURED  FOR  3  -INCH,  I500-PSI 
ALUMINUM  CONNECTOR 


Test  Results.  The  testing  was  terminated  after  200,000  impulse  cycles  with  no 
evidence  of  liquid  leakage.  The  connector  was  drained  and  heat  was  applied  to  assist  in 
removal  of  the  alcohol.  A  leak  check  showed  no  detectable  leakage  at  a  helium  pressure 
of  2250  psi. 

Subsequently,  when  the  seal  in  the  8-inch,  1500-psi  aluminum  connector  failed 
after  approximately  14,700  cycles  of  pre ssure -impulse  testing,  the  seal  from  the  3 -inch 
connector  was  given  a  Zyglow  examination.  Fatigue  cracks  were  found  at  the  base  of 
both  seal  disks,  which  indicated  possible  failure  at  about  300,000  cycles.  This  showed 
a  need  for  an  increase  in  the  thickness  of  the  seal  disks  for  the  3-inch,  1500-psi 
connector. 


Test  5.  Vibration 


Test  Procedures.  The  vibration  test  was  conducted  with  a  1500-psi  vibration 
assembly  similar  to  that  shown  in  Figure  80.  The  assembly  was  mounted  as  a  simply 
supported  beam.  The  connector  was  supported  at  two  nodes,  and  a  yoke -shaped  device 
was  fabricated  to  transmit  the  input  from  the  Calidyne  shaker  to  the  connector  at  the 
nodes.  A  dummy  connector  was  used  to  check  out  the  test  equipment  and  procedures. 

Despite  the  tests  with  the  dummy  connector,  considerable  difficulty  was  encoun¬ 
tered  with  the  first  assembly.  The  instrumentation  used  to  monitor  the  test  consisted  of 
a  vibration  meter  for  monitoring  acceleration,  velocity,  and  displacement;  an  Ellis 
meter  for  strain  readout  for  statically  calibrated  strain  gages  placed  on  a  tubing  ex¬ 
tension;  and  an  oscilloscope  for  strain-level  monitoring.  Many  attempts  were  made  to 
adjust  the  tuning  weights  and  connector  support  locations,  but  it  was  impossible  to  main¬ 
tain  the  required  frequency  of  vibration,  and  the  strain  never  rose  above  about  50  per¬ 
cent  of  the  required  strain.  When  the  connector  failed  prematurely,  it  was  decided  that 
the  connector  design  had  to  be  modified  for  a  second  test  and  th?t  an  improved  test  pro¬ 
cedure  had  to  be  developed. 

The  next  vibration  test  was  conducted  with  a  vibration  assembly  which  contained 
strengthened  hubs.  The  connector  was  supported  at  two  locations  by  small  steel  cables 
and  the  center  of  the  connector  assembly  was  fastened  horizontally  to  the  Calidyne 
machine.  This  arrangement  was  found  to  provide  good  frequency  and  amplitude  control 
for  the  assembly.  The  flexible  cables  did  not  adversely  affect  the  vibration  of  the  con¬ 
nector.  The  connector  was  pressurized  with  water  at  1500  psi  and  an  enclosure  with 


radiant  heaters  was  used  to  heat  the  assembly  to  200  F.  The  instrumentation  of  the  sec¬ 
ond  test  was  the  same  as  for  the  first  test,  with  the  addition  of  a  pressure  gage  and  a 
thermocouple.  A  test  with  a  third  vibration  assembly  was  conducted  identically  to  the 
test  with  the  second  assembly. 


Teat  Results.  A  pretest  room-temperature  leak  check  of  the  first  1500 -psi  vibra  ¬ 
tion  assembly  showed  a  leakage  rate  of  6.  5  x  10_8  atm  cc/sec  per  inch  of  seal  circum¬ 
ference.  During  the  vibration  test,  the  first  assembly  broke  at  the  base  of  the  integral 
flange  after  only  about  50,  000  cycles  at  an  average  stress  of  7000  psi  (compared  with  a 
design  stress  of  14,  000  psi  with  a  bending  moment  of  9500  in-lb).  This  premature 
failure  occurred  despite  the  fact  that  the  connector  was  neither  pressurized  nor  heated. 
Examination  of  the  stub  flange  showed  an  extensive  crack  at  the  flange -to-hub  location, 
indicating  incipient  failure  of  that  flange  also. 

A  second  vibration  assembly  was  fabricated  similar  to  the  first  but  with  strength¬ 
ened  hub  sections  (see  page  86).  The  connector  assembly  was  pressurized  to  1500  psi 
with  water,  heated  to  200  F,  and  vibrated  at  the  design  stress  level  at  a  frequency  of 
160  cps.  Failure  occurred  after  28,  200  cycles  at  the  bulkhead  in  the  simulated  tubing, 
about  6  inches  from  the  connector.  This  premature  failure  was  a  surprise  because  the 
calculated  and  measured  strain  at  this  location  was  approximately  one-half  the  strain  at 
the  transition  joint,  the  point  of  expected  failure.  Although  a  flaw  in  the  bar  stock  could 
have  caused  the  failure,  the  bulkhead  was  believed  to  have  caused  an  unexpected  stress 
raiser. 

In  the  third  vibration  assembly,  the  bulkheads  were  moved  to  the  ends  of  the 
assembly,  about  18  inches  from  the  connector.  With  a  frequency  of  approximately  179 
cps  and  the  design  bending  moment,  the  connector  failed  at  the  tube-to-hub  transition 
section  after  53,000  cycles.  This  was  the  expected  location  of  failure  because  of  the 
change  in  section,  and  the  test  was  considered  to  be  an  acceptable  test  of  the  connector 
because  the  connector  was  shown  to  be  stronger  than  the  tubing  or  the  tube-to-hub  transi¬ 
tion.  However,  the  failure  of  the  tube-to-hub  transition  at  such  a  low  stress  level  was 
believed  to  represent  a  critical  problem  for  the  system  designer,  because  substantial 
evidence  was  believed  to  have  been  developed  that  an  unknown  stress  raiser  was  being 
encountered  in  the  3-inch  tubing  system  in  the  vibration  mode.  (The  further  investiga  ¬ 
tion  of  this  problem  is  included  in  a  follow-on  effort,  Contract  No.  F04bl  1  -69 -C -0028) . 


Test  6.  Repeated  Assembly 


Test  Procedures.  The  repeated  assembly  test  for  a  3-inch,  1500-psi  aluminum 
connector  was  conducted  with  flanges  from  the  first,  failed  vibration  assembly.  The 
test  utilized  the  seal  cavities  and  the  undamaged  inside  diameter  of  the  flanges.  O-ring- 
sealed  supporting  base  plates  were  made  so  an  axial  load  could  be  applied  to  the  flanges 
in  a  Universal  testing  machine.  Pressurized  helium  was  introduced  to  the  inside  of  the 
seal  area  through  one  base  plate,  while  a  cylindrical  extension  of  the  other  base  plate 
met  with  an  O-ring  seal  on  the  outside  diameter  of  the  first  base  plate  to  form  a  vacuum 
chamber  for  the  helium  mass  spectrometer.  All  of  the  assembled  seals  were  checked 
with  1 500-psi  helium  pressure  . 
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Test  Results.  Table  51  shows  the  maximum  leakage  rate  measured  for  each 
assembled  seal.  After  the  test,  an  examination  of  the  connector  sealing  cavities  with 
a  20-power  lens  showed  no  sign  of  wear  or  deformation  at  the  surfaces  where  sealing 
occurred. 

TABLE  51.  REPEATED-ASSEMBLY-TEST  LEAKAGE  DATA  FOR  3 -INCH 
1 500-PSI  ALUMINUM  CONNECTOR 


Seal 

Leakage  R.ate(a),  atm  cc/sec 

Seal 

Leakage  Rate^a),  atm  cc/sec 

1 

x0»> 

14 

X 

2 

X 

15 

0.  14  x  10'9 

3 

X 

16 

x 

4 

X 

17 

X 

5 

X 

18 

X 

6 

X 

19 

0. 27  x  10~9 

7 

X 

20 

X 

8 

X 

21 

X 

9 

X 

22 

X 

10 

X 

23 

X 

11 

X 

24 

X 

12 

0.  81  x  10-9 

25 

X 

13 

0.  97  x  10“9 

(a)  Helium  leakage  rate  per  inch  of  seal  circumference. 

(b)  Denotes  no  detectable  leakage. 


Test  7.  Misalignment 


Teat  Procedures.  The  misalignment  test  was  conducted  with  the  3 -inch,  1500-psi 
"vibration  assembly"  that  had  been  used  for  the  pressure  impulse  test.  The  cavities  of 
this  connector  were  machined  to  a  depth  of  0.  080  inch  instead  of  the  standard  0.  020  inch 
to  produce  a  greater  length  of  seal  contact  area  for  conditions  of  extreme  misalignment. 

When  a  tubing  system  is  assembled  in  practice,  it  is  expected  that  axial  misalign¬ 
ment  will  exist  between  component  parts  of  the  system.  Physical  displacement  of  inter¬ 
connecting  tube  ends  is  required  t c  compensate  for  axial  misalignment,  and  tube -end 
displacement  results  in  angular  misalignment  at  the  connectors.  The  assembly  of 
angularly  misaligned  connector  halves  produces  a  bending  moment  which  is  distributed 
among  the  system  components  and  tubing.  The  bending  moment  will  increase  during 
connector  bolt-up  until  the  angular  misalignment  between  connector  halves  has  been 
reduced  to  zero.  This  action  produces  more  axial  motion  on  one  side  of  the  connector 
than  the  other,  with  a  resultant  relative  motion  between  the  sealing  disks  and  connector 
cavities.  The  seal  must  be  able  to  withstand  this  sliding  action  while  maintaining  its 
ultimate  requirement  for  sealing. 

A  test  fixture  was  fabricated  to  simulate  a  misaligned  tubing  condition.  One  half 
of  the  connector  was  clamped  to  a  rigid  base  with  its  tube  axis  at  an  angle  of  2  degrees 
to  the  base.  The  other  connector  half  was  positioned  but  not  clamped  by  a  support  close 
to  the  connector.  Shims  were  used  under  this  support  to  provide  angular  changes  in  the 
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connector  axis  which  would  add  to  or  subtract  from  the  2-degree  angle  established  by  the 
clamped  connector  half.  Initial  test  misalignments  of  1 ,  2,  and  3  degrees  were  estab¬ 
lished  by  this  method. 

A  tube  extension  providing  a  moment  arm  was  added  to  the  unclamped  connector 
half.  A  bending  moment  equal  to  1/2  the  moment  established  for  stress-reversal  bending 
was  reqviired  for  this  test,  and  the  moment  was  provided  by  placing  a  weight  on  the  tube 
extension.  During  the  test  it  was  found  that  the  moment-producing  weight  caused  a  high 
transverse  load  on  the  seal  due  to  leverage  about  the  connector  inner  support  block  which 
acted  as  a  fulcrum.  A  force  of  this  magnitude  would  not  be  encountered  in  the  assembly 
of  an  actual  tubing  system,  and  its  effect  was  therefore  removed  from  the  test  setup 
through  the  use  of  an  outer  tube  support. 

The  seal  was  assembled  into  the  connector  at  the  desired  angle  of  misalignment 
and  the  nuts  were  snugged  down  fingertight  on  the  connector  bolts.  The  weight  was  placed 
on  the  connector  tube  extension  which  was  supported  by  the  inner  and  outer  tube  supports. 
The  connector  bolts  were  then  tightened  with  progressively  increasing  torque  in  a  bolt- 
to  -bolt  sequence.  As  the  bolt  load  was  increased,  the  unrestrained  connector  half  raised 
from  the  supports  and  a  moment  was  applied  to  the  entire  connector.  The  bolt  torque 
was  increased  in  a  continued  bolt-to-bolt  sequence  until  the  required  bolt  preload  was 
attained  on  all  bolts.  This  assembly  procedure  satisfied  the  test  requirement  of  initial 
angular  misalignment  of  the  connector  halves  while  providing  the  bending  moment  and 
transverse  loads  that  are  expected  during  the  process  of  bolt-up.  In  fact,  the  application 
of  the  full  moment  during  practically  the  entire  bolt-up  procedure  was  significantly  more 
stringent  than  will  be  encountered  in  practice,  when  the  moment  will  normally  increase 
with  bolt  tightening. 


Test  Results.  Leakage  checks  were  made  with  1500-psi  helium  on  each  of  the 
assemblies  resulting  from  initial  misalignment  angles  of  1,  2,  and  3  degrees.  No  mea¬ 
surable  leakage  was  found  on  any  of  the  assemblies.  Because  some  hand  guidance  was 
required  during  the  early  portion  of  the  bolt-up  of  the  3  degrees  of  misalignment,  it  was 
apparent  that  a  greater  seal  cavity  depth  will  be  required  if  a  misalignment  capability  of 
3  degrees  is  to  be  provided  in  the  3-inch  connector. 


Test  8.  Tightening  Allowance 


Test  Procedures.  Each  of  the  fourteen  No.  10-32  studs  of  the  100-psi  connector 
was  initially  tightened  with  a  torque  of  24  in-lb,  using  a  50/50  mixture  of  Lubriseal  and 
M0S2  applied  to  the  nut  faces  and  stud  threads.  Each  of  the  fourteen  3/ 8-in.  studs  of 
the  1500-psi  connector  was  initially  tightened  with  a  torque  of  175  in-lb  with  the  same 
lubrication  procedure  used  for  the  100-psi  connector.  Measurements  were  then  made  of 
the  dimensions  believed  to  be  most  useful  in  determining  the  occurrence  of  yielding  in 
the  connector  (see  Figure  83).  Each  connector  was  then  tightened  with  additional  torque 
increments  of  10  percent,  with  measurements  being  made  after  each  torque  increment. 
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T 

Stud 

Length 


FIGURE  83.  TIGHTENING -ALLOWANCE  TEST  MEASUREMENTS  ON  3-INCH  ALUMINUM  CONNECTORS 
Measurements  were  made  at  four  equally  spaced  locations. 


Teat  Results.  The  measurements  showed  that  the  greatest  portion  of  the  total 
change  in  the  selected  dimensions  occurred  during  the  first  10  percent  increment  of  stud 
overtorque.  Because  a  considerable  amount  of  radial  taper  in  the  loose  rings  occurred 
as  the  result  of  the  connector  preloads,  it  is  believed  that  the  continued  increase  in 
radial  taper  ot  the  rings  caused  a  shift  in  the  center  of  pressure  between  the  nut  face  and 
loose  ring.  This  shift  in  pressure  toward  one  side  of  the  stud  resulted  in  an  increase  in 
the  friction  moment  arm,  which  required  a  larger  torque  to  overcome  friction.  The  por¬ 
tion  of  the  applied  torque  remaining  for  conversion  to  axial  stud  load  was  lessened,  with 
a  resultant  decrease  in  connector  dimensional  changes.  The  radial  taper  of  the  loose 
rings  essentially  stopped  when  the  stud  shanks  prevented  further  increase  in  the  taper. 

In  the  100-psi  connector,  increased  elongation  of  the  studs  was  noted  with  the  appli  ¬ 
cation  of  50  percent  overtorque.  This  was  judged  to  be  evidence  of  yielding  of  the  studs. 
Although  stud  yielding  was  not  encountered  on  the  1500-psi  connector  with  50  percent 
overtorque,  initial  yielding  was  indicated  for  the  next  10  percent  increment.  In  either 
case,  the  sealing  capability  of  the  connector  was  unchanged  by  the  application  of  150  per¬ 
cent  of  the  recommended  torque. 


Qualification  Testing  of  Small, 
Stainless  Steel  Connectors 


The  test  schedule  shown  in  Table  51  was  followed.  Details  of  the  test  procedures 
and  test  results  are  discussed  for  each  of  the  eight  types  of  tests. 


Test  1.  Proof  Pressure 


Test  Procedures.  The  proof-pressure  test  procedures  described  previously  for 
the  1500-psi  3-inch  aluminum  flanged  connector  were  used  for  the  3 -inch  stainless  steel 
flanged  connector.  The  connector  contained  two  loose -ring  flanges  machined  as  part  of 
a  thermal- gradient  assembly  similar  to  that  shown  in  Figure  77.  A  torque  of  95  in-lb 
was  applied  to  the  sixteen  1/4-inch  A286  studs,  using  the  same  lubrication  procedures 
as  for  the  aluminum  fasteners. 


1  15 


Te  at  Re  suits.  The  maximum  leakage  rate  measured  during  the  proof  pressure  test 
was  1.52  x  1 0"8  atm  cc/sec  of  helium  per  inch  of  seal  circumference. 


Test  2.  Thermal  Gradient 


Test  Procedures.  The  test  procedures  developed  for  the  3 -inch  aluminum  con¬ 
nectors  were  used  for  the  1500-psi  stainless  steel  connector. 


Teat  Results.  The  thermal  gradients,  equilibrium  temperature s,  and  maximum 
leakage  rates  for  the  1500-psi  stainless  steel  connector  are  shown  in  Table  52.  Some 
difficulty  was  encountered  in  controlling  the  flow  of  the  liquid  nitrogen  in  the  first  five 
cycles  and  this  resulted  in  variation  and  high  readings  for  the  equilibrium  temperatures 
for  these  cycles.  However,  for  the  sixth  cycle,  the  liquid  nitrogen  was  introduced 
without  pressure  in  the  connector  so  that  a  very  low  equilibrium  temperature  was  reached 
as  fast  as  possible  (boiling  gas  could  be  vented  immediately).  The  connector  was  then 
pressurized  for  a  leak  check.  Because  the  thermal  gradients  in  the  sixth  test  were 
comparable  to  those  in  the  other  tests,  and  because  the  thermal  gradients  were  believed 
to  be  the  most  severe  condition  of  this  test,  the  test  was  judged  to  be  realistically  severe. 
The  measured  rate  of  helium  leakage  remained  at  very  low  values  for  all  the  test  cycles. 

TABLE  52.  THERMAL  GRADIENTS,  EQUILIBRIUM  TEMPERATURES, 

AND  MAXIMUM  LEAKAGE  RATES  FOR  1500-PSI,  3 -INCH 
STAINLESS  STEEL  CONNECTOR 


Cycle 

Thermal  Gradient!,  F 

Stub  Flange  to  Loose  Ring 

Looae  Ring  to  Stud 

Equilibrium 

Temperature, 

F 

Maximum  Leakage 
Rate , 

atm  cc/  sec**) 

1 

100 

146 

-130 

3.  lxiod 

2 

88 

152 

-150 

2. 6  x  10-9 

3 

86 

142 

-160 

2. 6  x  10'9 

4 

107 

113 

-100 

3. 7  x  lO'9 

5 

86 

142 

-165 

1. 0  x  10-9 

6 

87 

134 

-300 

l. 0  x  10-9 

Average*1*) 

93 

139 

-141 

2. 6  x  10-9 

(a)  Helium  leakage  rate  per  inch  of  seal  circumference 

(b)  Average  shown  for  firsi  5  cycles  only 


Test  3.  Stress-Reversal  Bending 


Test  Procedures.  This  test  was  conducted  with  the  1500-psi  thermal-gradient 
assembly  used  for  the  proof  pressure  and  thermal  gradient  tests.  The  procedures 
were  identical  to  those  used  for  the  1500-psi  aluminum  connector.  A  bending  moment 
of  11,288  in-lb  was  applied  to  the  stainless  steel  connector. 


Teat  Results.  The  stainless  steel  connector  was  subjected  to  352,  860  c>  :les  of 
stress  reversal-bending  without  failure.  The  maximum  helium  leakage  rate  measured 
during  the  test  was  1.42  x  1 0-^  atm  cc/sec  per  inch  of  seal  circumfe  re  nee , 


Teat  4.  Pressure  Impulse 


Test  Procedures.  A  3-inch,  1500-psi  stainless  steel  "vibration  assembly" 

(similar  to  that  shown  in  Figure  80)  was  subjected  to  a  pressure  impulse  test  using  the 
same  procedures  described  for  the  3 -inch,  1500-psi  aluminum  connector.  The  stainless 
steel  connector,  which  had  no  secondary  seal,  consisted  of  an  integral/loose-ring  con¬ 
figuration,  An  assembly  torque  of  110  in-lb  was  applied  to  the  sixteen  1/4-inch  A286 
bolts. 


A  room-temperature  leak  check  of  the  assembled  connector  showed  no  detectable 
leakage  of  helium  at  a  pressure  of  2250  psi.  Operation  of  the  test  equipment  produced 
a  temperature -stabilized  condition  with  a  maximum  pressure  of  2180  psi  (which  was 
greater  than  the  mimimum  specified  pressure). 


Test  Results.  The  test  was  terminated  after  200,005  pressure -impulse  cycles 
with  no  indication  of  liquid  leakage.  A  leak  check  with  2250-psi  helium  after  removal 
of  the  alcohol  showed  no  detectable  helium  leakage. 

Test  5.  Vibration 


Test  Procedures.  The  connector  used  for  the  3 -inch,  1500-psi  stainless  steel  vi¬ 
bration  test  was  the  integral/loose -ring  vibration  assembly  that  had  been  used  previously 
for  the  pressure  impulse  test.  On  the  basis  of  the  failures  encountered  in  the  vibration 
tests  of  the  aluminum  connectors  it  was  decided  that  the  flange  to -hub  radii  should  be 
increased.  Consideration  was  given  to  machining  a  new  assembly  with  increased  hub 
thicknesses,  but  it  was  decided  that  the  stainless  steel  would  probably  be  less  susceptible 
to  the  effects  of  the  stress  raiser  than  the  aluminum,  and  the  thinner  hub  would  probably 
be  satisfactory. 

Strain  gages  were  attached  to  the  assembled  connector  at  the  flange -to-hub  radius, 
at  the  tube -to-hub  transition,  and  on  the  tube.  The  strain  gages  were  calibrated  stat¬ 
ically  for  the  required  bending  moment,  and  the  leakage  rate  was  monitored  for  30  min 
utes  with  the  connector  pressurized  with  1500-psi  helium.  No  leakage  could  be  detected. 

A  room-temperature  vibration  check  with  no  internal  pressure  produced  a  tube 
strain  of  464  p in.  /in.  at  a  resonant  frequency  of  186  cps.  Strains  of  458  and  710 
pin.  / in.  were  measured  at  the  tube -to-hub  transition  and  the  hub-to-flange  radius, 
re  spectively. 


The  assembly  was  pressurized,  heated,  and  tested  in  the  same  manner  as  was  the 
1500-psi  aluminum  connector.  Although  the  power  to  the  Calidyne  machine  had  to  be 
slightly  increased  periodically,  the  test  was  completed  without  incident. 

Test  Results.  No  indication  of  liquid  leakage  was  detectable  after  475,  000  cycles. 
The  water  was  removed  from  the  connector  and  the  connector  was  heated  to  remove 
residual  moisture.  A  leak  check  with  1500-psi  helium  showed  no  detectable  leakage. 

Although  the  connector  showed  no  leakage,  the  diameter  of  the  simulated  tubing 
between  the  connector  and  the  bulkheads  had  enlarged  1/16  inch.  Because  the  calculated 


and  measured  stresses  in  the  tubing  before  and  during  vibration  did  not  exceed  the  yield 
stress  of  the  stainless  steel,  and  in  fact  were  about  one-half  the  yield  stress,  it  was 
hypothe sized  that  the  same,  unknown,  stress  raiser  existed  in  the  3-inch  stainless  steel 
connector  as  in  the  3 -inch  aluminum  connector. 

Test  6.  Repeated  As sembly 

Test  Procedures.  The  3-inch,  1500-psi  stainless  steel  thermal-gradient  assembly 
was  adapted  for  use  in  the  repeated  assembly  test.  Seal  loading  was  accomplished  in  a 
Universal  testing  machine.  An  axial  load  was  applied  to  the  connector  through  a  tube 
whose  mean  diameter  was  equivalent  to  the  connector  bolt-circle  diameter.  The  load 
was  transmitted  through  the  tube  and  connector  loose  ring  to  the  stub  flange.  The  load 
path  from  this  point  was  through  the  seal  tang  to  the  integral  flange,  and  then  through  the 
connector  to  the  base  plate  with  its  pressurizing  fittings.  A  vacuum  chamber,  consisting 
of  a  tube  closed  at  one  end,  was  placed  over  the  assembly.  The  testing  machine  pressed 
against  the  closed  end  of  the  vacuum  chamber,  which  rested  on  the  loading  tube  described 
above.  The  open  end  of  the  vacuum  chamber  moved  down  over  an  O-ring  seal  located  in 
the  outside  circumference  of  the  base  plate.  This  arrangement  not  only  provided  an 
accurate  means  of  measuring  the  seal  seating  forces,  but  also  saved  the  time  normally 
required  to  tighten  the  studs. 

An  axial  load  of  25,  000  pounds  was  applied  as  a  preload  to  each  of  the  25  seals 
tested,  and  all  of  the  seals  were  leak  checked  with  1500-psi  helium  pressure. 

Test  Results.  Table  53  shows  the  maximum  leakage  rates  measured  for  the 
25  stainless  steel  assemblies.  At  the  time,  it  appeared  that  the  existence  of  four  seals 
with  excessive  leakage  rates  was  caused  by  poor  quality  control  of  the  nickel  plating. 
However,  growing  evidence  from  the  use  of  stainless  steel  seals  in  threaded  connectors, 
as  well  as  from  subsequent  tests  with  the  8-inch  flanged  connectors,  indicated  that  a 
significant  increase  was  required  in  the  radial  sealing  load  of  stainless  steels  to  obtain 
reliable  performance.  Examination  of  the  seal  cavities  of  the  connector  flanges  with  a 
5-power  microscope  showed  no  wear  ox-  deformation  at  the  surfaces  where  sealing 
occurred. 

Teat  7.  Misalignment 

Test  Procedures.  The  misalignment  test  was  conducted  with  the  3-inch,  1500-psi 
stainless  steel  "vibration  assembly"  that  was  used  for  the  vibration  test.  The  enlarge¬ 
ment  of  the  tubing  extension  that  occurred  in  the  vibration  test  had  no  influence  on  the 
misalignment  test.  The  te  st  procedure  s  described  previously  for  the  3-inch,  1500-psi 
aluminum  connector  were  used  for  the  stainless  steel  connector.  The  required  bending 
moment  of  5640  in-lb  was  achieved  by  placing  a  141  -pound  weight  40  inches  from  the 
connector  on  the  extension  beam. 

Test  Results.  Tests  were  conducted  with  initial  misalignment  angles  of  1 ,  2,  and 
3  degrees.  A  sliding  action  was  noted  between  the  seal  and  its  cavity  during  each  test, 
and  greater  motion  was  evident  as  the  misalignment  angle  was  increased.  Some  plating 
was  scraped  from  the  seal  as  a  result  of  this  motion,  but  the  material  came  from  areas 
which  did  not  affect  the  ultimate  sealing  surfaces  which  were  on  a  10-degree  reverse 
angle.  No  leakage  could  be  detected  with  1500-psi  helium  on  any  of  the  three  assemblies 
resulting  from  initial  misalignments  of  1 ,  2,  and  3  degrees. 
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TABLE  53. 


LEAKAGE  DATA  FOR  REPEATED- ASSEMBLY  TEST 
WITH  3-INCH,  1500-PSI  STAINLESS  STEEL 
CONNECTOR 


Seal 

Measured  Leakage^*),  atm  cc  /  sec 

Remarks 

1 

xibi 

i 

X 

3 

X 

4 

7.2  x  1  O'  10 

Leakage  within  specified  limit 

5 

I.  1  1  x  10'8 

leakage  within  limit 

6 

X 

7 

X 

8 

X 

9 

X 

10 

X 

1  1 

Gr  ;ater  than  2,  26  x  10"8 

Large  flakes  in  plating  on  sealing  surface 

12 

X 

13 

X 

14 

Greater  than  l.  7  x  10~^ 

Pits  in  plating  across  sealing 
sur  face 

15 

X 

16 

Greater  than  4.  5  x  10“^ 

One  large  flake  in  plating  on  sealing 
surface 

17 

X 

18 

X 

19 

X 

20 

X 

21 

X 

22 

1. 76  X  10'8 

Leakage  within  specified  limit 

23 

X 

24 

5.  7  x  10-7 

Pits  in  plating  across  sealing  surface 

25 

X 

(.1)  lU'Innn  k.ikit!*’  rjl.  per  inch  nf  tt'dl  circumference 
(h)  IVivum  iiti  tlclci  ruble  U  ukur'e 


Test  8.  Tightening  Allowance 


Test  Procedures.  The  3  -inch,  1500-psi  stainless  steel  thermal-gradient-assembly 
connector  containing  two  loose  rings  was  used  for  this  test.  The  connector  was  as¬ 
sembled  by  applying  the  maximum  torque  of  1 1  0  in-lb  to  each  of  the  sixteen  1/4 -inch 
A286  studs.  The  fame  lubrication  technique  was  used  as  for  the  aluminum  connector, 
and  the  same  measurement  and  overtorquing  procedure  was  used.  In  addition,  a  leak 
check  was  made  with  1500-psi  helium  after  the  initial  assembly  and  after  the  application 
of  50  percent  torque. 


Test  Results.  The  greatest  dimensional  change  after  the  application  of  150  percent 
of  recommended  bolt  torque  occurred  in  the  tilting  of  the  loose  rings.  However,  this 
was  not  considered  to  be  excessive.  The  incremental  changes  in  stud  length  were  con¬ 
sistent  and  did  not  suggest,  a  condition  of  yielding.  Neither  the  pretest  nor  the  posttest 
leakage  check  on  the  connector  with  1500-psi  helium  produced  detectable  leakage.  Cal¬ 
culations  of  stud  capacity  showed  that  failure  of  the  studs  could  be  expected  starting  at 
about  170  percent  of  recommended  torque. 


Qualification  Testing  of  Small,  High-Pressure 
Stainless  Steel  Connectors 


The  applicability  of  the  design  procedure  for  designing  connectors  for  pressures 
higher  than  1500  psi  was  to  be  demonstrated  by  Tests  1  through  4  and  8  conducted  on  a 
3-inch,  4000-psi,  -423  to  600  F,  stainless  steel,  integral-integral  flange  connector 
assembly.  The  overall  performance  capability  of  connectors  at  600  F  was  to  be  demon¬ 
strated  by  these  tests  combined  with  tests  on  a  low-pressure,  3-inch  connector  at  600  F. 

A  reexamination  of  the  primary  objectives  of  the  laboratory  program  resulted  in 
the  decision  to  minimize  the  high-temperature  activities.  As  a  result  of  this  decision, 
the  1200  F  tests  were  eliminated  completely,  and  the  low-pressure  600  F  tests  were 
eliminated.  It  was  believed  that  any  significant  problem  at  600  F  would  be  revealed  by 
the  test  of  the  3-inch,  4000-psi  connector  at  600  F. 

When  a  4000-psi  connector  was  designed  for  the  full  temperature  range  of  -423  to 
600  F,  the  connector  was  very  heavy  (see  Tables  46  and  47).  Since  this  temperature 
range  was  not  expected  in  a  single  system,  4000-psi  connector  designs  were  optimized 
for  a  cryogenic  system  (-423  to  200  F)  and  a  hot-gas  system  (ambient  to  600  F).  The 
dimensions  of  these  connectors  showed  that  by  accepting  a  slightly  heavier  than  op<timum 
cryogenic  connector,  it  was  possible  to  use  dimensions  for  the  cryogenic  connector  that 
could  be  obtained  by  remachining  the  hot-gas  connector.  This  choice  was  selected,  and 
the  hot-gas  connector  was  fabricated  and  tested  first.  The  connector  was  then  dis¬ 
assembled,  the  flanges  were  modified,  and  the  cryogenic  connector  was  assembled  and 
te  sted. 

Because  two  4000-psi  connector  designs  were  tested  in  this  revised  approach, 
the  test  schedule  was  reexamined.  It  was  decided  that  Tests  1  through  3  would  be  con¬ 
ducted  on  the  hot-gas  connector,  and  Tests  1,  2,  and  8  would  be  conducted  on  the  cryo¬ 
genic  connector.  When  a  question  of  seal  disk  strength  arose  later  in  the  program,  a 
pressure  impulse  test  (Test  4)  was  also  conducted  with  the  cryogenic  connector. 


Tests  for  a  3-Inch,  4000-Psi 
Hot-Gas  Connector 


Proof-Pressure  Test  Procedures.  The  proof-pressure  test  was  conducted  with  a 
thermal -gradient  assembly  similar  to  that  shewn  in  Figure  77.  Because  of  the  high 
temperature,  disks  were  machined  on  the  tubular  portions  of  the  connector,  and  the 
vacuum  chamber  was  welded  to  the  disks  after  the  connector  was  assembled.  Lubri¬ 
cation  was  applied  to  the  nut-bearing  surfaces  and  threads  of  the  3/8-inch,  A286  con¬ 
nector  bolts,  and  a  preload  torque  of  296  in-lb  was  applied  to  each  of  the  16  bolts.  Ex¬ 
ternal  heaters  were  mounted  on  the  outside  diameter  of  each  of  the  integral  flanges. 
Wiring  was  routed  through  the  vacuum  chamber  electrical  feed-through,  and  after  the 
connections  were  checked,  the  vacuum  chamber  was  welded  in  place. 

Difficulty  was  encountered  with  the  heating  of  the  connector  because  the  heaters 
(which  had  a  higher  capacity  and  a  higher  voltage  than  the  heaters  used  for  the  200  F 
tests)  shorted  out  in  the  vacuum  required  for  leakage  measurements.  A  5500-watt 
heater  had  been  purchased  and  modified  to  fit  inside  the  connector  during  the 
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thermal -gradient  te  t.  It  was  decided  that  this  heater  would  be  used  for  the  proof  - 
pressure  test.  Although  the  heater  filled  most  of  the  connector  cavity,  the  remainder 
of  the  cavity  was  filled  with  water  to  optimize  the  flow  of  heat  from  the  heater  to  the  con¬ 
nector.  The  water  did  not  boil  because  of  the  high  pressure. 

Although  an  ambient  test  at  6000  psi  showed  a  leakage  of  only  1.  16  x  10"9  atm 
cc/sec.  of  helium  per  inch  of  seal  circumference ,  an  increase  in  connector  temperature 
to  600  F  resulted  in  an  excessive  leak  which  flooded  the  mass  spectrometer.  An  examin¬ 
ation  of  the  seal  showed  an  imperfection  in  the  nickel  plating  at  the  point  of  leakage. 
However,  it  was  estimated  that  this  problem  may  have  been  aggravated  by  load  inter¬ 
action  between  the  sealing  disks  caused  by  a  very  short  seal  tang.  Seals  with  twice  the 
tang  length  were  then  fabricated.  Load  ring  tests  showed  that  the  redesigned  seals  had 
a  radial  load  of  about  2550  pounds  per  inch  of  seal  circumference  as  compared  with  a 
load  of  about  1300  pounds  per  inch  for  the  original  seal  design.  Although  the  lower  value 
was  believed  to  have  been  sufficient,  it  was  estimated  that  the  higher  value  would  pose 
no  problems  for  the  high-pressure  connector. 


Proof-Pressure  Test  Results.  Seven  proof -pre  s sure  test  cycles  were  conducted 
to  "wring  out"  the  new  seal  design.  To  simplify  installation,  a  secondary  seal  was  not 
used  during  these  tests.  Although  leakage  from  the  connector  was  not  monitored  con¬ 
tinuously,  a  constant  6000-psi  helium  pressure  was  maintained  inside  the  connector. 
Leakage  was  measured  at  ambient  temperatures  (considered  the  condition  most  likely  to 
leak)  and  no  leakage  was  detected  after  any  cycle.  This  series  of  tests  was  considered 
to  be  ample  for  the  proof-pressure  test  requirements. 


Thermal -Gradient  Test  Procedures.  The  connector  was  then  disassembled  and 
reassembled  with  an  unused  primary  seal,  and  with  a  secondary  seal.  Six  cycles  of 
high-temperature  thermal-gradient  testing  were  conducted  from  ambient  to  600  F  with 
heat  being  supplied  by  the  internal  heater.  The  seal  leakage  was  monitored  continuously 
while  the  pressure  inside  the  connector  was  maintained  at  4000  psi  and  the  helium  pres¬ 
sure  between  the  primary  and  secondary  seals  was  maintained  at  4000  psi.  Temperatures 
were  monitored  throughout  each  test  cycle  with  thermocouples  on  the  OD  of  the  seal  tang, 
the  OD  of  a  flange,  and  on  the  midpoint  of  a  bolt.  The  maximum  temperature  differential 
occurred  between  the  seal  tang  and  the  bolt  during  the  heating  portion  of  each  cycle. 


Thermal-Gradient  Test  Results.  The  indicated  leakages  and  maximum  tempera¬ 
ture  differentials  are  shown  in  Table  54.  The  rate  of  heat  input  was  increased  each  cycle 
but  no  significant  increase  in  seal  leakage  could  be  associated  with  the  increasing 
temperature  differentials. 


Stre ss -Rever  sal-Bending  Test  Procedures.  The  stre  ss -rever  sal -bending  test  was 
conducted  in  a  manner  similar  to  that  used  for  the  3 -inch  aluminum  and  stainless  steel 
connectors.  The  base  plate  of  the  thermal -gradient  assembly  was  rigidly  attached  to 
the  test  machine,  and  the  required  bending  moment  (12,960  in-lb)  was  applied  to  the  con¬ 
nector  through  an  extension  beam.  Temperature -compensated  strain  gages  were  attached 
to  the  tubular  section  between  the  connector  and  the  base  plate.  The  gages  were  first 
statically  calibrated  at  room  temperature  with  the  assembly  in  a  horizontal  position  and 
with  weights  on  the  extension  beam,  and  these  values  were  compared  with  those  calculated 
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for  the  tubular  section  using  the  dimensions  and  the  required  moment.  This  comparison 
was  then  used  to  calculate  the  amount  of  strain  that  should  be  indicated  at  600  F  with  a 
reduced  modulus  of  elasticity.  Finally,  the  beam  deflection  required  in  the  machine  to 
produce  the  reqxiired  strain  was  measured  by  dial-indicator  gages  and  shown  to  be  in 
close  agreement  with  the  calculated  deflection  requirement. 

TABLE  54.  THERMAL-GRADIENT-TEST  DATA  FOR  600  F,  3-INCH, 
4000-PSI  STAINLESS  STEEL  CONNECTOR 


Test  Cycle 

Max  Leakage  Rate(a>, 
atm  cc/ sec 

Max  Temp 
Differential  Between 
Seal  Tang  and  Bolt,  F 

1 

4. 6  x  10'9 

132 

2 

5.4  x  10’9 

198 

3 

4.  1  x  10"9 

195 

4 

3. 7  x  10~8 

201 

5 

4. 8  x  10"9 

223 

6 

6.  7  x  10'9 

242 

(a)  Helium  leakage  rate  per  inch  of  seal  circumference. 


The  temperature  of  the  connector  was  stabilized  at  600  F  by  the  Variac -controlled 
internal  heater,  the  internal  pressure  of  the  connector  and  the  helium  pressure  between 
the  seals  were  raised  to  4000  psi,  and  the  cycling  was  begun.  Pressure,  temperature, 
and  helium  leakage  were  monitored  continuously  throughout  the  test,  while  the  strain- 
gage  readings  were  checked  at  half-hour  intervals.  The  cycle  rate  was  378  cycles  per 
minute . 


Stress-Reversal-Bending  Test  Results.  The  test  was  terminated  after  202,230 
cycles  of  stress-reversal  bending,  during  which  time  no  leakage  could  be  detected  from 
the  connector. 


Tests  for  a  3-Inch,  4000-P3i 
Cryogenic  Connector 


Proof-Pre ssure  Test  Procedures.  As  described  previously,  the  cryogenic  4000- 
psi  connector  was  very  similar  to  the  hot-gas  4000-psi  connector.  The  connector  was 
assembled  with  a  primary  and  secondary  seal,  and  the  3/8 -inch  A286  bolts  were  tightened 
with  a  torque  of  296  in-lb.  Because  the  heating  cycle  was  less  critical  for  the  cryogenic 
connector  than  for  the  hot-gas  connector,  heating  was  accomplished  by  passing  steam 
through  a  copper  tube  which  was  coiled  about  the  welded  vacuum  chamber  and  the  exposed 
connector  tubular  sections. 

The  proof-pre s sure  test  of  the  3 -inch,  4000-psi  cryogenic  connector  was  initiated 
by  pressurizing  the  connector  to  6000  psi  at  ambient  temperature  for  approximately 
1  hour.  The  pressure  was  then  reduced  to  1000  psi  and  the  connector  was  heated  to 
200  F.  Next,  the  pressure  was  raised  to  6000  psi  for  approximately  30  minutes,  and  the 
connector  was  then  cooled  to  ambient  temperature  with  a  constant  internal  pressure  of 
6000  psi. 
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Proof-Pressure  Test  Results.  No  leakage  could  be  detected  during  two  such 
proof -pressure  tests. 


Thermal -Gradient  Test  Procedures.  Because  of  the  high  pressure  of  the  4000-psi 
connector,  it  was  not  possible  to  use  the  same  thermal-gradient-test  techniques  that 
were  used  for  the  3 -inch,  1500-psi  aluminum  and  stainless  steel  connectors.  The 
modified  procedure  consisted  of  using  the  liquid-nitrogen  test  stand  to  cool  the  connector 
as  quickly  as  possible  by  allowing  liquid  nitrogen  to  flow  rapidly  into  the  connector  at 
ambient  pressure.  To  hasten  the  cooling  process,  the  lower  part  of  the  connector  wan 
immersed  in  liquid  nitrogen  during  the  cooling  cycle.  The  volume  between  the  secondary 
and  primary  seals  was  continuously  pressurized  to  180  psi,  and  the  mass  spectrometer 
was  used  to  monitor  connector  leakage  continuously.  When  an  equilibrium  temperature 
had  been  reached,  the  liquid-nitrogen  supply  was  stopped,  and  the  connector  and  the 
secondary-primary  seal  volume  were  pressurized  to  4000  psi. 


Thermal -Gradient  Test  Results.  Four  cycles  were  conducted  between  temperature 
extremes  of  -3  00  and  +195  F.  Because  the  cooling  was  accomplished  in  approximately 
1  hour,  and  because  the  thick  flanges  of  the  high-pressure  connector  represented  large 
masses  as  compared  to  the  seal,  it  was  believed  that  the  thermal-gradient  design  pa¬ 
rameters  were  given  a  severe  test.  The  largest  leakage  measured  during  the  four  cycles 
was  3.  3  x  10“®  atm  cc/sec  of  helium  per  inch  of  seal  circumference. 


Pressure -Impulse  Test  Procedures.  Because  a  stress-reversal-bending  fatigue 
test  had  already  been  conducted  on  the  hot-gas  4000-psi  connector,  a  second  fatigue  test 
was  not  originally  scheduled  for  the  cryogenic  4000-psi  connector.  However,  as  des¬ 
cribed  later,  pressure  impulse  tests  produced  seal  disk  failure  in  the  8-inch,  l5C0-psi 
aluminum  connector  and  extensive  seal  disk  cracking  in  the  3 -inch,  1500-psi  aluminum 
connector.  The  seal  disks  in  the  3 -inch,  4000-psi  stainless  steel  connector  had  the 
same  thickness  as  the  seal  disks  in  the  3-  and  8-inch,  1500-psi  aluminum  connectors. 
Although  stainless  steel  was  known  to  be  much  tougher  than  the  aluminum,  it  still  ap¬ 
peared  likely  that  a  pres  sure -impulse  test  at  6000  psi  might  fail  the  stainless  steel  disks 
of  the  4000-psi  connector.  Thus,  a  pre ssure -impulse  test  of  the  4000-psi  connector  was 
initiated  primarily  to  test  the  seal  disks  and  secondarily  to  conduct  another  fatigue  test 
of  the  connector  structure. 

Much  of  the  equipment  used  to  conduct  pre  ssure -impulse  tests  on  the  3-inch, 
1500-psi  connectors  was  used  to  test  the  4000-psi  connector.  A  modification  consisted 
of  substituting  an  intensifier  for  the  oil/alcohol  separation  unit  so  the  2250-psi  output 
pressure  of  the  original  equipment  could  be  used  to  produce  6000-psi  pressure  impulses. 
In  this  arrangement,  it  was  necessary  to  use  a  light  oil  in  the  connector  instead  of 
alcohol,  but  this  was  believed  to  be  acceptable  since  the  mode  of  possible  failure  was 
expected  to  leak  oil.  The  secondary  seal  was  machined  away  in  the  assembled  connector 
prior  to  the  test  so  the  pressure  impulses  could  reach  the  primary  seal. 


Pressure -Impulse  Test  Results.  For  the  most  part  the  test  was  conducted  without 
incident.  At  one  time  the  intensifier  galled  and  had  to  be  reworked  slightly,  but  by  using 
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a  heavy  oil  at  the  intensilier  seal.;  it  was  possible  to  continue.  In  all,  1,072,422 
pres  sure -impulse  cycles  were  completed  without  leakage  at  the  primary  seal.  Upon  dis¬ 
assembly  of  the  connector,  a  Zyglow  examination  of  the  seal  showed  no  cracking  of  the 
seal  material. 


Tightening -Allowance  Test  Procedures.  The  3-inch,  4000-psi  cryogenic  stainless 
steel  connector  was  assembled  by  applying  the  recommended  torque  of  296  in-lb  to  each 
of  the  3/8-inch,  A286  bolts.  The  same  lubrication  and  measurement  was  used  as  had 
been  used  for  the  3-inch,  1500-psi  aluminum  and  stainless  steel  connectors.  The  torque 
was  then  increased  in  increments  of  10  percent. 


Tightening -Allowance  Test  Results.  An  overtorque  of  90  percent  was  applied  with¬ 
out  indication  ot  yielding  of  the  bolts.  However,  at  this  torque  the  nut  corners  had  become 
badly  rounded  and  application  of  additional  torque  was  not  possible. 


Qualification  Testing  of  Large  Aluminum 
Connectors 


The  applicability  of  the  computerized  procedure  for  designing  large  aluminum 
flanged  connectors  was  to  be  demonstrated  by  the  fabrication  and  eat  of  connectors  for 
8-  and  16-inch  tubing  systems.  As  the  test  program  proceeded,  the  test  schedule  was 
reexamined.  It  was  decided  that  the  number  of  high-pressure,  large  tubing  systems 
would  be  low  and  that  the  test  of  a  16-inch,  1500-psi  connector  would  have  relatively  little 
applicability.  On  the  other  hand,  it  was  also  decided  that  there  would  be  many  low- 
pressure  systems,  and  the  absence  of  an  8-inch,  100-psi  connector  was  undesirable  in 
view  of  the  large  size  difference  between  the  3-inch  and  the  16-inch,  100-psi  connectors. 
Therefore,  the  decision  was  made  to  replace  the  16-inch  high-pressure  connector  with  an 
8-inch  low-pressure  connector.  At  the  same  time,  the  schedule  of  tests  was  revised 
slightly  and  the  test  schedule  shown  in  Table  55  was  undertaken. 

TABLE  55.  REVISED  TEST  SCHEDULE  FOR  LARGE  ALUMINUM  CONNECTORS 


Tube  OD,  in. 

Max  Operating  Pressure,  psi 

Tests 

Assembly  Type 

8 

1500 

1,2, 5-8 

Integral/  Loose -Ring 

8 

100 

1,2, 5, 8 

Integral/  Loose -Ring 

16 

100 

1,2, 4, 8 

Integral/  Loose -Ring 

Following  the  successful  completion  of  over  1, 000,  000  vibration  cycles  on  the 
8-inch,  100-psi  connector,  the  decision  was  made  to  substitute  a  pres  sure -impulse  test 
for  the  vibration  test  of  the  8-inch,  1500-psi  connector.  A  seal  design  problem  revealed 
by  this  pressure-impulse  test  demonstrated  the  wisdom  of  this  decision. 
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Test  Assemblies 


As  described  in  some  detail  in  previous  sections,  the  tests  of  the  3-inch  connectors 
were  conducted  on  two  types  of  assemblies:  (1)  a  thermal-gradient  assembly  or  (2)  a 
vibration  assembly.  Because  of  the  large  size  of  the  8-  and  16-inch  connectors  and 
because  of  the  more  limited  test  program  planned  for  the  large  connectors,  a  different 
type  of  test  assembly  was  developed. 

Figures  Cl  and  85  show  pictures  of  the  C  inch,  IOC-  and  1500-psi  test  assemblies. 
Figure  86  shows  a  picture  of  the  16-inch,  100-psi  assembly,  while  Figure  87  shows  a 
cross  section  of  this  assembly.  All  the  large  test  assemblies  had  essentially  the  same 
configuration.  Each  assembly  contained  one  loose -ring  flange  and  one  integral  flange. 

The  internal  flange t  a  «hor+  tube  section,  a  tube  end  closure,  and  a  mounting  flange 
were  designed  to  be  machined  from  one  piece  of  aluminum  plate.  The  mounting  flange 
contained  holes  for  bolt  attachment  to  a  rigid  mounting  pad  during  the  dynamic  tests. 

The  loose -ring  stub  flange  was  fabricated  from  a  cylindrical  forging  approximately 
12  inches  long.  The  stub  flange  design  contained  a  tubular  section  which  extended  ap¬ 
proximately  one  tube  diameter  beyond  the  tapered  hub  portion  of  the  flange.  Beyond 
the  tube  section,  the  wall  thickness  was  increased  to  provide  material  for  an  O-ring 
groove  and  for  threaded  bolt  holes  for  the  attachment  of  an  end  closure. 

For  each  assembly,  a  vacuum  chamber  was  made  with  a  closed  end  so  the  entire 
test  assembly  could  be  lowered  into  the  vacuum  chamber.  An  O-ring  seal  then  was 
used  to  seal  the  opening  of  the  vacuum  chamber  with  the  edge  of  a  disk  machined  on  the 
end  closure  of  the  stub  flange  tube  extension. 


Test  1.  Proof  Pressure 


Test  Procedures.  Proof-pressure  tests  were  conducted  with  both  8-inch  as¬ 
semblies  and  with  the  1 6-inch  assembly.  During  assembly,  a  torque  of  60  in-lb  was 
applied  to  the  twenty-four  1/4-inch  studs  of  the  8-inch,  100-psi  assembly,  and  to  the 
seventy-eight  1/4-inch  studs  of  the  16-inch,  100-psi  assembly.  A  torque  of  500  in-lb 
was  applied  to  the  twenty-eight  1/2-inch  studs  of  the  8-inch,  1500-psi  assembly.  A 
50/50  mixture  of  Lubriseal  and  M0S2  was  used  to  lubricate  the  stud  threads  and  the  nut 
collars. 

For  the  8-inch  assemblies,  two-piece  ring  heaters  were  clamped  to  the  tubular 
portion  of  the  connectors.  The  use  of  electrical  heaters  would  have  been  difficult  for 
the  16-inch  connector  because  of  the  number  of  heaters  required  for  the  large  area, 
and  because  of  the  large  thermal  gradients  that  would  have  been  caused  by  the  rapid  loss 
of  heat  from  the  highly  conductive  aluminum.  The  procedure  used  for  heating  the  1  6-inch 
assembly  consisted  of  submerging  the  entire  vacuum-chamber-enclosed-connector  as¬ 
sembly  in  a  tank  of  water  kept  at  200  F.  The  assembly  was  cooled  by  raising  it  out  of 
the  tank  and  allowing  it  to  air  cool. 

In  each  proof-pressure  test,  the  connector  was  pressurized  with  helium  initially 
to  1-1/2  times  the  maximum  operating  pressure  at  ambient  temperature  for  30  minutes. 
The  pressure  was  then  decreased  to  about  10  psi  and  the  temperature  of  the  connector 
was  raised  to  200  F.  The  pressure  was  then  raised  again  to  1-1/2  times  the  maximum 
operating  pressure  and  both  temperature  and  pressure  were  maintained  for  30  minutes. 


125 


FIGURE  84  8-INCH,  1 5,  000- PSI  ALUMINUM  FIGURE  85.  8-INCH,  1 00-PSI  ALUMINUM 

TEST  ASSEMBLY  TEST  ASSEMBLY 


E  86.  16-INCH,  100- PSI  ALUMINUM  FIGURE  87.  CROSS  SECTION  OF  16-INCH,  100- 

TEST  ASSEMBLY  ALUMINUM  TEST  ASSEMBLY 


The  pressure  was  then  reduced  to  approximately  10  psi,  the  connector  was  cooled  to 
room  temperature,  and  the  pressure  was  raised  again  to  the  proof  pressure  for  15  min¬ 
utes.  The  leakage  of  the  connectors  was  monitored  continuously  by  a  helium  mass 
spectrometer. 


Test  Results.  No  helium  leakage  could  be  detected  during  the  proof  pressure  test 
of  either  the  8-inch,  100-psi  connector,  or  the  8-inch,  1500-psi  connector. 

The  measurement  of  an  accurate  leak  rate  was  not  possible  for  the  16-inch  con¬ 
nector  because  considerable  helium  entered  the  vacuum  chamber  through  the  16-inch 
and  22-inch  elastomeric  O-rings  that  were  used  to  seal  the  tube  closure.  Approximately 
2  hours  were  required  to  heat  the  connector  assembly.  Although  two  O-rings  were  used 
in  series  to  separate  the  helium  in  the  connector  from  the  vacuum  chamber,  the  helium 
permeation  rate  of  O-rings  increases  rapidly  with  temperature  and  time  (for  the  first 
4  hours).  (For  instance,  the  measured  permeation  rate  of  helium  through  a  15-inch 
O-ring  after  2  hours  at  176  F  was  3  x  10'^  atm  cc/sec.  )  The  second  O-ring  reduced  the 
flow  of  helium  into  the  connector  considerably,  but  the  second  O-ring  tended  to  saturate 
with  helium  and  act  as  an  accumulator.  This  provided  a  flow  of  helium  into  the  vacuum 
chamber  that  was  fairly  high  and  out  of  phase  with  the  heating  and  cooling  cycle. 

Consideration  was  given  to  welding  the  closure  in  place.  However,  the  welded 
closure  would  have  greatly  increased  the  costs  of  the  subsequent  tests.  Therefore,  the 
decision  was  made  to  determine  the  proof-pressure  leakage  characteristics  of  the  con¬ 
nector  by  two  measurements;  (1)  a  room-temperature  measurement  with  150-psi  internal 
pressure,  and  (2)  an  estimate  of  the  amount  of  helium  entering  the  vacuum  chamber  in 
addition  to  the  leakage  measured  from  the  O-ring. 

No  leakage  could  be  detected  at  room  temperature  with  150-psi  internal  pressure. 
During  eight  heating  and  cooling  cycles  conducted  over  a  6-day  period,  no  leakage  could 
be  detected  as  resulting  from  the  Bobbin  seal.  During  these  heating  and  cooling  cycles, 
variations  In  helium  pressure  and  variations  in  time  were  used  in  an  attempt  to  produce 
a  helium  reading  that  could  be  differentiated  from  the  slowly  fluctuating  flow  of  helium 
from  the  O-ring.  These  variations  provided  a  good  measure  of  the  response  of  the 
O-ring  installation  so  that  good  confidence  was  achieved  that  no  measurable  helium  was 
being  supplied  to  the  vacuum  chamber  of  the  Bobbin  seal. 


Test  2.  Thermal  Gradient 


Test  Procedures.  With  the  3 -inch  connectors  it  was  possible  to  maintain  maximum 
working  pressure  in  the  connectors  and  maximum  helium  pressure  on  the  primary  seal 
while  the  connectors  were  cycled  between  the  temperature  extremes.  The  large  size  of 
the  8-  and  16-inch  connectors  prevented  this  method  of  operation  because  the  pressurized 
liquid-nitrogen  reservoir  could  not  supply  sufficient  liquid  nitrogen.  Therefore,  the  test 
procedure  was  modified  for  the  large  connectors. 

The  procedure  for  the  8-inch  connectors  consisted  of  filling  the  internal  volume  of 
each  connector  as  rapidly  as  possible  with  liquid  nitrogen  at  atmospheric  pressure. 

When  an  equilibrium  temperature  had  been  reached,  the  liquid-nitrogen  supply  was  cut 
off  and  the  connector  was  pressurized  with  helium  to  the  maximum  working  pressure. 
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Although  the  gas  inside  the  connector  was  not  pure  helium,  it  was  believed  that  the  per¬ 
centage  was  sufficiently  high  that  the  test  results  would  be  acceptable.  The  pressure  was 
held  for  30  minutes  and  the  temperatures  were  recorded.  The  temperature  of  the  con¬ 
nector  was  then  raised  to  200  F  for  30  minutes  while  the  pressure  was  maintained  at  the 
maximum  working  pressure.  The  connector  was  then  cooled  to  room  temperature  and 
after  15  minutes  the  connector  pressure  was  reduced  to  ambient,  and  another  cooling 
cycle  wa3  started. 

the  procedure  used  for  the  16 --inch  connector  was  similar,  but  the  connector  was 
not  heated  to  200  F  because  of  the  O-ring  permeation  problem  described  under  Test  1. 
Instead,  the  connector  was  allowed  to  return  to  room  temperature  overnight. 


Test  Results.  Four  thermal -gradient  cycles  were  conducted  for  each  8-inch  con¬ 
nector.  No  helium  leakage  could  be  detected  during  any  of  the  cycles  for  either  con¬ 
nector.  Table  56  shows  the  temperatures  measured  for  the  major  components  of  the 
8-inch,  1500-psi  connector.  The  tube  did  not  reach  a  low  temperature  because  the  level 
of  liquid  nitrogen  was  raised  only  enough  to  cover  the  connector  area.  On  the  8-inch, 
100-psi  connector,  only  the  integral  flange  and  tube  thermocouples  were  operating  and 
these  read  -270  F  and  -10  F,  respectively,  for  each  run.  The  test  of  the  8-inch,  100-psi 
connector  was  judged  to  be  valid,  however,  because  it  was  known  that  the  thermal 
gradients  were  smaller  in  the  100-psi  connector  than  in  the  heavier,  1500-psi  connector. 


TABLE  56.  TEMPERATURES  OF  MAJOR  COMPONENTS  OF 
8-INCH,  1500-PSI  ALUMINUM  CONNECTOR 


Test 

Temperature , 

F 

Loose 

Ring 

Integral 

Flange 

Stud 

Tube 

1 

121 

-252 

-25 

-10 

2 

-125 

-260 

-30 

-12 

3 

-112 

-252 

-13 

0 

4 

-112 

-267 

-15 

-05 

Three  thermal -gradient  cycles  were  completed  on  the  16-inch  connector.  In  each 
cycle  the  connector  was  cooled  from  room  temperature  to  -265  F  in  approximately 
4  hours,  and  the  connector  was  pressurized  with  helium  for  45  minutes.  No  helium 
leakage  could  be  detected  during  any  of  the  three  cycles.  This  test  was  judged  to  be 
valid  because  the  eight  heating  cycles  conducted  under  Test  1  were  believed  to  have 
amply  demonstrated  the  sealing  capability  of  the  connector  at  200  F. 


Test  4.  Pressure  Impulse 


I 


Test  Procedures.  As  mentioned  previously,  the  successful  vibration  test  of  the 
8-inch~  100-psi  connector  (seepage  124)  resulted  in  the  decision  to  subject  the  8-inch 
1500-psi  connector  to  a  pre ssure -impul se  fatigue  test  instead  of  a  vibration  fatigue  test. 
Thus,  pressure  impulse  tests  were  conducted  on  the  8-inch,  1500-psi  assembly  and  on 
the  16-inch,  100-psi  assembly. 
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The  test  procedures  were  similar  to  those  used  for  the  3 -inch  connectors.  Be¬ 
cause  of  the  large  volume  of  the  connectors  it  was  not  possible  to  use  the  oil/ alcohol 
separator  and  oil  was  pumped  directly  into  the  connectors.  The  equipment  shown  sche¬ 
matically  in  Figure  81  was  uied  to  create  approximately  40  pressure  cycles  per  minute. 
Figures  88  and  89  show  the  trace  for  the  8-inch  and  the  16-inch  connectors.  Mthough 
it  was  not  possible  to  obtain  pressure  dwell  in  the  1  6-inch  connector,  it  was  believed  that 
the  effect  of  the  pressure  peaks  was  satisfactory.  During  the  testing,  each  connector 
was  placed  in  a  container  and  a  fluid-level  switch  was  arranged  to  shut  off  the  equipment 
upon  a  leakage  of  approximately  1  pint  of  oil. 


FIGURE  88.  PRESSURE  CYCLES  MEASURED  FOR  8-INCH,  1500-PSI  CONNECTOR 


Time,  seconds 


FIGURE  89.  PRESSURE  CYCLES  MEASURED  FOR  16-INCH,  100-PSI  CONNECTOR 


Test  Re  suits.  Although  the  pre  s  sure -impulse  test  of  the  8-inch,  1500-psi  con¬ 
nector  was  eventually  completed  successfully,  considerable  difficulty  was  encountered 
with  failure  in  different  parts  of  the  assembly.  Each  of  these  is  discusse  1  briefly. 

Following  initiation  of  the  pressure-impulse  test,  the  test  was  automatically  ter¬ 
minated  after  14,694  cycles  when  one  of  the  seal  disks  sheared  at  the  juncture  with  the 
tang  over  a  length  of  about  1/2  inch.  This  failure  came  as  a  surprise  because  the  seal 
disks  for  the  3-inch,  1500-psi  connector  had  essentially  :  same  cross  section  and  yet 
the  3-inch  connector  did  not  fail  during  200,000  pressure-'  npulse  cycles.  A  Zyglow 
examination  of  the  8-inch  seal  showed  extensive  cracking  along  much  of  the  base  of  both 
seal  disks,  showing  conclusively  that  the  seal  was  under  strength.  A  Zyglow  examina¬ 
tion  of  the  3 -inch  seal  also  .lowed  two  significant  cracks  about  3  inches  long  in  the  same 
area,  indicating  that  the  3 -inch  seal  dijK  was  also  under  strength.  On  the  basis  of 
beam  -  strength  approximations,  new  seals  ’or  the  8-inch,  1500-psi  connector  were 
machined  with  seal  disk  widths  of  0.  060  in<  h  .  ather  than  the  initial  0.  040  inch. 


During  the  replacement  of  the  Bobbin  seal  it  was  also  found  that  the  tongue -in- 
groove  seal  housing  for  the  O-ring  seal  on  the  end  closure  had  developed  fatigue  cracks 
because  of  the  flexing  of  the  flat  end  closure.  The  tongue  was  machined  off  and  the 
groove  was  modified  to  form  a  simple  face  seal. 

The  connector  was  reassembled  with  a  modified  seal  and  given  a  successful  proof- 
pressure  test.  The  next  failure  occurred  after  an  additional  16,  890  cycles  when  two  of 
the  high-strength  socket-head  cap  screws  on  the  end  closure  failed  and  the  O-ring  ex¬ 
truded  through  the  gap  which  was  created  at  the  face  seal.  It  was  apparent  that  the 
flexure  of  the  end  closure  had  to  be  reduced  to  reduce  the  bending  loads  on  the  end- 
closure  bolts.  This  was  accomplished  by  placing  an  O-ring  sealed  piston  on  the  inside 
of  the  connector  against  the  end  closure.  A  raised  ring  near  the  OD  of  the  piston  was 
used  to  prevent  high  forces  from  being  applied  at.  the  center  of  the  end  closure. 

The  next  failure  occurred  after  an  additional  20,964  cycles  (52,548  total  cycles) 
when  the  base  component  cracked.  The  base  had  been  designed  to  simulate  a  flanged 
opening  in  a  component,  such  as  a  pump,  and  the  cylindrical  wall  and  the  bottom  of  the 
base  had  been  made  extra  strong  because  the  base  was  expected  to  be  used  for  other 
tests.  Despite  this  precaution,  however,  the  high-pressure  end  load  (approximately 
120,000  pounds)  caused  excessive  flexure  of  the  flat  bottom  of  the  base,  and  a  fatigue 
crack  developed  at  the  juncture  of  the  base  bottom  and  the  cylindrical  wall.  There  was 
no  indication  that  the  failure  was  associated  with  the  part  of  the  base  representing  the 
integral  flange.  A  new  base  was  fabricated  with  increased  thickness  and  radii  at  the 
tube-to-base  juncture. 

The  connector  was  reassembled  with  the  new  base  component  and  with  a  modified 
seal,  and  a  proof-pressure  test  was  conducted  successfully.  After  38,704  cycles, 

14  end-closure  bolts  failed  in  fatigue  (59,  668  cycles  on  these  bolts).  Although  minor 
damage  was  done  to  the  oistm  ,  it  was  possible  to  reassemble  the  end  closure  with  a 
special  grade  of  high- strengt*  cap  screws  and  the  test  was  continued. 

After  an  additional  40,  400  cycles,  the  tubular  portion  of  the  stub  flange  developed 
an  axial  crack  about  6  inches  from  the  stub  flange.  At  this  point,  a  total  of  131,652 
pressure-impulse  cycles  had  been  imposed  on  the  connector.  The  acceptable  conditions 
stated  for  this  test  did  not  include  failure  of  the  tube.  However,  the  stress-reversal 
bending  test  does  include  the  concept  that  the  test  is  successful  if  the  connector  is 
demonstrated  to  be  stronger  than  the  adjacent  tubing.  Because  both  of  these  tests  are 
fatigue  tests,  it  was  judged  that  the  pres  sure -impulse  test  of  the  8-inch,  1500-psi 
aluminum  connector  was  successful  in  that  the  connector  was  shown  to  be  stronger  in 
fatigue  than  the  adjacent  tubing. 

For  the  pressure-impulse  test  of  the  16-inch,  100-psi  connector,  two  precautions 
were  taken  to  prevent  nonconnector  failures  similar  to  those  described  for  the  8-inch, 
1500-psi  assembly.  First,  the  base  was  clamped  at  the  periphery  to  a  laboratory 
mounting  pad  to  prevent  excessive  deflection  of  the  large  flat  area  of  the  base.  Second, 
two  pistons  were  machined  with  raised  rings  near  the  outside  diameters,  and  the  pistons 
were  placed  in  the  connector  one  behind  the  other,  against  the  tube  end  closure  to  prevent 
excessive  deflection  of  the  flat  end  closure.  The  test  was  stopped  after  1,223,500 
cycles.  No  failures  had  occurred  in  any  of  the  parts  of  the  connector- simulation  as¬ 
sembly,  and  no  evidence  of  leakage  or  material  yielding  could  be  detected. 
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The  calculated  stress  in  the  tubing  wall  of  the  8 -inch,  1500-psi  connector  was 
27,500  psi.  The  calculated  stress  for  the  tube  wall  of  the  16-inch,  100-psi  connector 
was  18,  000  psi.  The  difference  in  the  stresses  for  the  two  connectors  resulted  from  the 
need  to  increase  the  calculated  minimum  wall  thickness  of  the  16-inch  connector  for 
machining  purposes.  Since  most  of  the  connectors  would  be  designed  to  the  higher 
stress  value,  it  was  obvious  that  the  allowable  stress  in  the  tubing  would  have  to  be 
lowered  to  assure  a  minimum  fatigue  life  of  200,  000  pressure-impulse  cycles. 


Test  5.  Vibration 


Because  of  the  premature  failure  experienced  at  the  tube -to -transition  during  the 
vibration  testing  of  the  3 -inch  aluminum  connectors,  it  was  believed  that  a  similar 
failure  would  probably  be  experienced  in  the  8 -inch  connectors.  In  fact,  a  follow-on 
program  (Contract  No.  F0461 1 -69-C-0028)  was  initiated  to  include  the  vibration  testing 
of  additional  8-inch  connectors.  When  exceptionally  long  fatigue  life  was  obtained  during 
the  vibration  testing  of  the  8-inch,  100-psi  connector,  the  planned  vibration  test  of  the 
8-inch  1500-psi  connector  was  replaced  with  a  pressure-impulse  test. 


Test  Procedures.  The  8 -inch,  100-psi  assembly  was  bolted  in  an  upright  position 
to  the  laboratory  mounting  pad  used  for  the  Calidyne  machine.  Strain  gages  had  been 
mounted  on  the  stub  flange.  One  pair  of  gages  was  located  at  the  tube-to-hub  transition, 
while  another  pair  of  gages  was  located  1/2  inch  from  the  transition  on  the  tubular  por¬ 
tion  of  the  stub  flange.  (The  strain  gages  were  calibrated  before  the  test  with  the  as¬ 
sembly  mounted  in  a  horizontal  position.  The  strain  at  the  transition  was  approximately 
twice  the  strain  in  the  tubular  portion.  ) 

Calculations  indicated  that  a  pipe  extension  would  have  to  be  fastened  to  the  end 
closure  of  the  stub  flange  to  reduce  the  natural  frequency  of  the  assembly  to  160  cps. 

A  9-1/2-inch  length  of  6-inch  steel  pipe  with  a  3/16-inch  wall  was  equipped  with  a 
flange  which  was  then  fastened  to  the  end  closure.  The  extension  was  then  struck  a 
sharp  blow  and  a  recording  of  the  strain  reaction  at  the  strain  gages  showed  a  natural 
frequency  of  the  assembly  of  136  cps.  This  was  judged  to  be  acceptable,  and  the 
Calidyne  machine  was  attached  to  the  flange  of  the  pipe  extension  by  a  horizontal  bolt. 
The  instrumentation  used  to  monitor  the  test  was  the  same  as  that  used  for  the  3 -inch 
connectors. 


Test  Results.  It  was  decided  to  vibrate  the  8-inch  connector  initially  at  a  low 
stress  level,  at  room  temperature,  and  unpressurized.  A  bending  moment  of  13,400 
in-lb  was  imposed  for  603,740  cycles.  This  produced  a  measured  strain  corresponding 
to  a  stress  of  1 1 , 000  psi  at  the  tube-to-hub  transition.  When  no  damage  at  this  stress 
level  could  be  detected,  the  design  bending  moment  of  18,  000  in-lb  was  imposed  for 
approximately  2.  8  x  106  cycles.  This  produced  a  stress  of  14,  800  psi  at  the  tube-to-hub 
transition.  Following  this  test,  the  connector  was  pressurized  with  100-psi  helium  for 
1  hour  and  no  helium  leakage  could  be  detected  by  the  mass  spectrometer. 

Consideration  of  the  unexpected  success  of  the  8-inch  vibration  test  resulted  in 
the  thought  that  the  following  test  conditions  might  have  contributed  to  the  test  results: 

(1)  tlie  6 -inch  connector  was  tested  at  room  temperature,  while  the  3 -inch  connector 
was  tested  at  200  F,  and  (2)  the  8-inch  connector  was  unpressurized,  while  the  3 -inch 
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connector  was  pressurized  with  water.  To  determine  whether  these  different  test  con¬ 
ditions  were  responsible  for  the  different  test  results,  the  8-inch  connector  was  vibrated 
again,  but  the  connector  was  heated  to  200  F  and  pressurized  with  water  to  100  psi. 

The  second  test  was  conducted  at  the  design  bending  moment  for  3  hours,  during 
which  time  the  connector  was  subjected  to  approximately  1  million  cycles.  When  no 
failure  occurred  during  this  test  eithe1*,  despite  the  previous  fatigue  cycles,  it  was  con¬ 
cluded  that  a  size  effect  existed  between  the  3-  and  8-inch  connector,  and  the  stress 
raiser  which  existed  in  the  3 -inch  connector  did  not  exist  in  the  8-inch  connector. 


Test  6.  Repeated  Assembly 


Test  Procedures.  The  repeated-assembly  test  on  the  3 -inch  connector  consisted 
of  25  assemblies.  No  appreciable  wear  or  damage  could  be  noted  in  either  flange  cavity. 
Because  the  radial  seal  loading  was  designed  to  be  the  same  for  the  8-inch  seals  as  for 
the  3 -inch  seals,  it  was  decided  that  six  assemblies  of  the  8-inch,  1500-psi  connector 
would  be  sufficient  provided  no  leakage  was  encountered,  and  no  damage  was  caused  to 
the  flange  cavities.  Because  of  the  large  size  of  the  seals,  and  the  test  time  and  helium 
required  for  each  test,  this  change  in  procedure  was  expected  to  reduce  test  costs 
appreciably. 

In  each  test,  twenty-eight  1/2 -inch  studs  were  torqued  to  500  in-lb  and  the  con¬ 
nector  was  pressurized  to  1500-psi  with  helium  for  1  hour,  while  the  leak  rate  was 
monitored  by  the  mass  spectrometer. 


Test  Results.  No  helium  leakage  could  be  detected  during  any  of  the  six  repeated- 
assembly  tests.  After  the  tests,  no  damage  could  be  detected  on  either  flange  sealing 
surface. 


Test  7.  Misalignment 


Test  Procedures.  The  purpose  of  this  misalignment  test  was  to  determine  the 
sealing  capability  of  the  connector  when  it  is  subjected  to  a  combination  of  axial  and 
angular  misalignment  which  results  in  a  specific  bending  moment  at  the  seal.  It  was 
decided  that  tire  test  of  the  8-inch,  1500-psi  connector  would  be  the  most  stringent  for 
the  large  connectors.  The  bending  moment  required  for  this  connector  was  one -half  the 
tube  bending  moment  of  79,860  in-lb  required  for  the  stress-reversal-bending  test. 

A  test  fixture  was  fabricated  to  allow  horizontal  mounting  of  the  test  assembly  to 
withstand  the  bending  moment.  A  15.  5-ft-long  6-inch  steel  pipe  with  a  3/ 16-inch  wall 
was  then  bolted  to  the  stub  flange  closure.  Supports  were  fabricated  to  allow  angular 
positioning  of  the  stub  flange  against  the  integral  flange  so  a  Bobbin  seal  would  just  be 
contained  inside  the  seal  cavities  of  both  flanges.  The  resulting  angular  misalignment 
between  the  faces  of  both  flanges  was  approximately  1  degree.  Supports  were  placed  at 
the  stub  flange  and  at  the  end  of  the  pipe  extension.  The  bending  moment  at  the  Bobbin 
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seal  supplied  by  the  pipe  alone  was  20,  200  in-lb.  A  102-poxxnd  weight  was  placed  197 
inches  from  the  Bobbin  seal  to  produce  another  20,  200  in-lb,  making  a  total  bending 
moment  of  40,400  in-lb, 

Ihe  seal  was  assembled  into  the  connector  and  the  nuts  were  snugged  down  finger- 
tight.  The  nuts  were  then  tightened  with  progressively  increasing  torque  in  a  stud-to- 
stud  sequence  until  each  nut  had  been  tightened  with  a  500  in-lb  torque.  During  the 
torquing  procedure  the  pipe  was  raised  from  its  supports  due  to  the  flange  faces  be¬ 
coming  parallel.  Thus,  for  the  better  part  of  the  torquing  procedure,  the  full  moment 
was  applied  to  the  connector,  simulating  the  most  stringent  misalignment  condition. 

When  the  full  torque  was  achieved,  the  flange  faces  were  parallel. 

A  second  seal  was  assembled  at  the  same  angle  of  misalignment.  In  this  case, 
however,  a  235-lb  weight  was  used  at  a  distance  of  1 1  feet  from  the  seal.  The  pipe  length 
was  modified  to  give  a  lower  moment,  and  the  total  moment  applied  to  the  connector  was 
40,  200  in-lb.  All  other  procedural  steps  were  the  same  as  those  used  during  the  as¬ 
sembly  of  the  first  seal.  The  second  test  was  conducted  to  give  a  higher  shear  loading 
at  the  seal. 


Test  Results.  Each  of  the  misalignment  tests  was  concluded  by  pressurizing  the 
connector  with  1500-psi  helium  while  maintaining  the  full  bending  moment  on  the  con¬ 
nector.  For  each  assembly,  no  leakage  rate  could  be  detected  by  the  helium  mass 
spectrometer. 


Test  8.  Tightening  Allowance 


Test  Procedures.  The  test  procedures  used  for  this  teat  were  essentially  the 
same  as  those  used  for  the  3 -inch  connectors.  After  the  nut  faces  and  stud  threads  were 
lubricated  with  a  50/50  mixture  of  Lubriseal  and  M0S2,  the  connectors  were  assembled 
with  the  recommended  torque  -  60  in-lb  for  the  8-  and  1 6-inch,  100-psi  connectors 
(each  connector  utilized  1/4-inch  studs),  and  500  in-lb  for  the  8-inch,  1500-psi  con¬ 
nector.  The  measurements  shown  in  Figure  83  were  then  made.  Each  connector  was 
then  tightened  with  the  additional  torque  increments  of  10  percent  and  additional  mea¬ 
surements  were  made  until  some  form  of  material  yielding  was  detected. 


Test  Results.  As  with  the  3-inch  connectors,  the  limitation  in  overtorque  was 
established  by  failure  of  the  studs.  This  is  believed  to  be  the  most  desirable  form  of 
limitation  because  the  studs  can  be  replaced  if  excessive  torque  is  applied.  The  1/4- 
inch  studs  of  the  1 6-inch  connector  began  to  fail  between  30  and  40  percent  overtorque, 
while  the  1/4-inch  studs  of  the  8-inch,  100-psi  connector  began  to  fail  between  60  and 
70  percent  overtorque.  This  appeared  to  be  caused  by  the  fact  that  the  loose  ring  of  the 
8-inch  connector  angled  more  than  the  loose  ring  of  the  16-inch  connector  and  bound 
against  the  studs,  delaying  stud  failure.  A  somewhat  similar  action  had  been  encoun¬ 
tered  in  the  3-inch  connectors.  The  8-inch,  1500-psi  connector  exhibited  bolt  failure 
in  the  overtorque  increment  above  20  percent. 
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The  degree  of  overtorque  provided  by  the  large  aluminum  connectors  was  not  as 
great  as  had  been  expected.  However,  the  provision  of  increased  bolt  strength  would 
result  in  a  significant  increase  in  connector  weight  unless  a  higher  strength  bolt  ma¬ 
terial  were  used.  It  was  decided  that  the  specifications  would  include  the  allowable 
torque  limits  to  prevent  overtorque  of  the  bolts  during  connector  assembly. 


Extra  Test  -  Burst 


A  burst  test  was  not  scheduled  for  any  connector  under  Contract  AF  04(61 1 ) - 1 1204 
because  the  other  tests,  in  particular  the  pressure -impulse  test,  were  believed  to 
demonstrate  the  required  strength  of  the  correctors.  However,  with  the  successful 
completion  of  the  16-inch  pres  sure -impulse  test,  it  was  decided  that  a  burst  test  of  this 
connector  would  be  desirable.  Aluminum  connectors  are  more  likely  to  fail  in  burst 
than  stainless  steel  connectors  because  the  yield  strength  of  aluminum  is  much  closer 
to  its  ultimate  strength  than  is  the  case  for  stainless  steel,  and  aluminum  does  not 
strain  harden  during  yielding  as  does  stainless  steel.  Further,  as  mentioned  above,  the 
wall  thickness  of  the  16-inch  connector  was  greater  in  relation  to  the  maximum  pressure 
requirements  than  is  the  case  for  higher  pressure  aluminum  connectors.  Thus,  a  burst 
test  of  this  connector-simulation  assembly  was  expected  to  be  a  stringent  test  of  the 
connector  design. 

The  16-inch,  100-psi  connector  burst  with  an  internal  pressure  of  490  psi.  The 
rupture  occurred  in  the  middle  of  the  machined  tubing  section  (see  Figure  86)  —  the 
area  of  highest  stress.  Despite  an  internal  pressure  of  about  5  times  the  maximum 
operating  pressure  of  the  connector,  no  yielding  of  the  connector  parts  could  be  detected, 
and  no  leakage  of  the  oil  was  apparent.  This  test  was  believed  to  be  an  impressive 
demonstration  of  the  aluminum -connector-design  parameters  relating  to  strength. 


Qualification  Testing  of  Large,  Stainless 
Steel  Connectors 


The  applicability  of  the  computerized  procedure  for  designing  large  stainless  steel 
flanged  connectors  was  to  be  demonstrated  by  the  fabrication  and  test  of  connectors  for 
8-  and  16-inch  tubing  systems.  At  the  same  time  that  the  schedule  of  tests  was  revised 
for  the  large  aluminum  connectors  the  schedule  of  tests  for  the  large  stainless  steel 
connectors  was  also  revised.  However,  in  addition  to  substituting  an  8-inch,  100-psi 
connector  for  a  16-inch,  1500-psi  connector,  it  was  also  decided  that  a  16-inch,  100-psi 
stainless  steel  connector  need  not  be  fabricated  and  tested.  This  decision  was  based  on 
the  belief  that  the  16-inch,  100-psi  aluminum  connector  would  demonstrate  the  suita¬ 
bility  of  the  design  procedure  for  large,  low-pressure  connectors.  The  revised  test 
schedule  for  the  large  stainless  steel  connectors  is  shown  in  Table  57. 


TABLE  57.  REVISED  TEST  SCHEDULE  FOR  LARGE  STAINLESS 


L TEEL  CONNECTORS 

Tube  OD,  in. 

Max  Operating  Pressure,  pBi 

Tests 

Assembly  Type 

8 

1500 

1,2, 5,7,8 

Integral/ Loose  ring 

8 

100 

1,2, 5, 8 

Integral/ Loose  ring 
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It  will  be  noted  that  neither  the  original  test  schedule  nor  the  revised  test  schedule 
included  a  repeated-assembly  test.  This  decision  was  based  on  the  belief  that  early, 
successful  tests  with  the  stainless  steel  seals  in  the  threaded  connectors  indicated  few, 
if  any,  problems  with  stainless  steel  seals.  Thus  it  was  expected  that  the  tests  with  the 
3-inch  stainless  steel  seals  would  be  a  sufficient  check  on  the  design  principles  for 
stainless  steel  seals  for  flanged  connectors.  This  was  an  unfortunate  decision.  Not 
only  were  some  problems  encountered  with  the  3 -inch  seals,  as  described  previously, 
but  the  increased  use  of  the  stainless  steel  threaded  connectors  revealed  a  sealing 
reliability  problem  with  3/4-  and  1-inch  seals.  In  addition,  extensive  problems  were 
encountered  with  the  sealing  of  the  8 -inch,  1500-psi  stainless  steel  flanged  connector 
in  the  final  months  of  the  program.  As  a  result,  it  was  necessary  to  recommend  an 
overrun  effort  to  investigate  the  performance  of  the  stainless  steel  seals  in  more  detail. 
The  uncompleted  tests  (No.  8  for  the  100-psi  connector  and  Nos.  5,  7,  and  8  for  the 
8-inch,  1500-psi  connector)  would  be  included  in  an  overrun  effort  and  the  test  results 
reported  in  a  supplemental  report  to  this  document. 


Test  1.  Proof  Pressure 


Test  Procedures.  The  100-  and  1500-psi  stainless  steel  test  assemblies  had  the 
same  configuration  as  the  8-inch,  1500-psi  aluminum  test  assembly  shown  in  Figure  84. 
One  difference  was  that  the  stub-flange  tubing  extension  component  consisted  of  a 
piece  of  tubing  welded  to  the  steel  flange.  This  design  made  large  stainless  steel  for¬ 
gings  unnecessary. 

The  proof -pressure  test  procedures  described  previously  for  the  8-inch  aluminum 
assemblies  were  used  to  conduct  Test  1  for  both  8-inch  stainless  3teel  assemblies.  A 
torque  of  100  in-lb  was  applied  to  the  twenty  1/4-in.  A286  studs  of  the  100-psi  connector, 
while  a  torque  of  372  in-lb  was  applied  to  the  thirty-four  3/ 8-inch  A286  bolts  of  the 
1500-psi  connector.  The  lubrication  procedure  was  the  same  as  described  for  previous 
assemblies. 


Test  Results.  No  leakage  could  be  detected  during  the  proof-pressure  test  of  the 
8-inch,  100-psi  connector.  The  proof-pressure  test  of  the  8-inch,  1500-psi  connector 
proved  to  be  a  significant  obstacle  in  the  test  program.  In  addition  to  equipment  prob¬ 
lems,  a  design  problem  was  revealed  for  the  Bobbin  seal.  The  primary  aspects  of  these 
problems  are  summarized. 

Attempts  to  proof-pressure  the  8-inch,  1500-psi  connector  were  unsuccessful  with 
two  different  seals.  An  examination  of  the  coined  nickel  surface  of  the  seals  at  first 
seemed  to  indicate  insufficient  radial  sealing  force.  However,  a  hardness  check  of  the 
nickel  plating  showed  that  the  nickel  plating  had  not  been  annealed.  This  had  happened 
twice  during  the  development  of  the  stainless  steel  seals  for  threaded  connectors,  and 
its  reoccurrence  emphasized  the  need  for  careful  control  of  the  fabrication  steps  of  the 
stainless  steel  Bobbin  seals.  Unfortunately,  annealed  nickel  plating  looks  the  same  as 
unannealed  plating. 

The  proof-pre ssure  test  with  the  first  annealed  seal  showed  a  minor  increase  in 
leakage  as  the  connector  was  heated  to  200  F.  When  the  connector  was  cooled  to  ambient, 
the  helium  leakage  increased  to  about  3  x  10"?  atm  cc/sec  per  inch  of  seal  circumference. 
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Because  this  leakage  was  beyond  the  allowable  amount,  the  test  was  terminated.  An 
examination  of  the  nickel  on  the  seal  showed  a  smaller  than  normal  coined  surface,  in¬ 
dicating  too  low  a  radial  sealing  force.  In  addition,  a  closer  inspection  of  the  general 
condition  of  the  plating  indicated  a  poorer  quality  of  plating  than  that  obtained  on  the 
3 -inch  stainless  steel  seals. 

To  obtain  a  better  idea  of  the  effect  of  the  reduced  quality  of  the  nickel  plating, 
three  annealed  seals  that  were  slightly  oversized  were  given  a  light  machining  cut  to 
produce  a  smooth  nickel  surface  that  fitted  snugly  in  the  connector  flanges.  Three  proof- 
pressure  cycles  were  conducted  with  one  of  these  seals.  During  the  first  cycle,  no 
leakage  could  be  detected.  During  the  second  cycle,  the  helium  leakage  at  200  F  was 
approximately  5  x  10*8  atm  cc/  sec  per  inch  of  seal  circumference,  and  at  ambient 
temperature  the  leakage  increased  to  about  2  x  10*7  atm  cc/  sec.  The  test  was  ter¬ 
minated  when  the  leakage  at  200  F  during  the  thermal  cycle  was  1.  5  x  10"?  atm  cc/sec 
of  helium  per  inch  of  seal  circumference.  Although  the  leakage  values  obtained  were 
still  within  the  allowable  amount,  the  increasing  nature  of  the  leakage,  despite  the 
special  machining,  indicated  that  the  seal  was  not  satisfactory. 

Because  sealing  problems  resulting  from  insufficient  sealing  load  had  developed 
with  the  stainless  steel  threaded  connectors,  and  because  a  relatively  small  surface  was 
coined  on  the  8-inch  seal,  it  was  decided  that  an  increased  radial  sealing  force  was 
required.  This  was  obtained  for  the  8-inch,  1500-psi  connector  by  doubling  the  length 
of  the  seal  tang.  Calculations  indicated  that  this  would  increase  the  radial  sealing  face 
from  about  750  lb/in.  of  seal  circumference  to  about  1300  lb/in.  While  new  seals  were 
being  fabricated,  a  reinforcing  ring  was  made  to  fit  inside  the  tang  of  an  original  seal 
to  increase  the  radial  sealing  load  of  that  configuration  to  about  1300  lb/ in.  This  tech¬ 
nique  made  possible  an  interim  test  of  the  higher  sealing  load.  Tests  with  this  seal 
were  somewhat  uncertain  because  of  problems  that  developed  with  the  O-ring  seal  on  the 
vacuum  chamber.  H  vever,  after  several  proof-pressure  cycles  similar  to  those  con¬ 
ducted  for  the  1 6-inch  aluminum  connector,  no  significant  leakage  could  be  detected 
from  the  Bobbin  seal. 


Test  2,  Thermal  Gradient 


Test  Procedures.  Two  series  of  thermal-gradient  tests  were  conducted  with  the 
8-inch,  100-psi  connector.  The  first  series  was  conducted  with  the  same  procedures 
described  previously  for  the  8-inch  aluminum  connectors.  The  second  series  was  con¬ 
ducted  in  a  similar  manner  except  that  the  connector  was  not  placed  in  a  vacuum 
chamber.  Instead,  a  small  probe  was  used  with  the  helium  mass  spectrometer  to 
"sniff"  for  helium  leakage  along  the  circumference  of  each  disk  of  the  Bobbin  seal. 
While  this  procedure  cannot  be  used  to  measure  the  rate  of  a  helium  leak,  it  is  a  good 
"go-no-go"  indication  of  the  presence  of  a  helium  leak.  The  latter  procedure  was  used 
also  for  all  of  the  tests  with  the  8-inch,  1500-psi  stainless  steel  connector. 


Test  Results.  During  the  first  series  of  tests,  three  thermal -gradient  cycles 
were  conducted  with  the  8-inch,  100-psi  connector.  The  maximum  measured  helium 
leakage  during  these  cycles  was  1. 2  x  10*9  atm  cc/  sec  per  inch  of  seal  circumference. 
When  the  the rmal -gradient  tests  with  the  8-inch,  1500-psi  connector  encountered  con¬ 
siderable  difficulty,  the  8-inch,  100-psi  connector  was  reassembled  with  another  seal, 
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and  six  thermal -gradient  cycles  were  conducted  in  a  second  series  of  tests.  No  evidence 
of  leakage  could  be  detected  by  the  helium  probe  during  these  tests.  A  thermocouple 
attached  to  the  integral  flange  of  the  connector  showed  that  the  stabilized  cold  temperature 
reached  during  both  series  of  te3ts  was  between  -315  and  -300  F. 

Because  of  the  problems  encountered  with  the  vacuum  chamber  during  the  suc¬ 
cessful  proof-pressure  test  with  the  reinforced  seal  for  the  8-inch,  1500-psi  connector, 
it  was  decided  that  the  first  thermal -gradient  test  would  be  conducted  without  the  vacuum 
chamber.  The  helium  probe  showed  that  this  seal  leaked  excessively  on  the  first  cold 
cycle.  On  the  assumption  that  this  leakage  was  caused  by  improper  action  of  the  rein¬ 
forced  seal,  the  connector  was  disassembled  and  reassembled  with  one  of  the  modified 
seals  that  had  then  been  fabricated. 

Although  no  leakage  could  be  detected  during  the  hot  portion  of  the  thermal- 
gradient  cycle,  some  leakage  was  evident  during  the  first  cold  cycle.  This  leakage  in¬ 
creased  noticeably  during  the  second  cold  cycle,  and  during  the  third  cold  cycle  it  was 
obvious  that  the  leakage  was  excessive.  When  the  connector  was  disassembled,  an  ex¬ 
amination  of  the  Bobbin  seal  and  the  lower  connector  flange  showed  that  several  small 
pieces  of  copper  had  gotten  into  the  flange  cavity  and  prevented  proper  seating  of  the 
seal.  The  connector  was  then  reassembled  with  a  second  modified  seal. 

No  leakage  could  be  detected  during  the  first  cold  cycle  with  the  second  modified 
seal.  However,  definite  leakage  could  be  detected  during  the  second  cycle,  and  two 
locations  of  excessive  leakage  were  identified  during  the  third  cold  cycle.  When  the 
connector  was  disassembled  and  the  seal  was  examined,  two  flaws  could  be  seen  at  the 
sources  of  leakage.  One  appeared  to  be  caused  by  material  left  in  the  flange  cavity, 
while  the  other  appeared  to  be  a  crack  in  the  nickel  plating. 

At  this  point  a  careful  inspection  was  made  with  a  10-power  glass  of  the  sealing 
surfaces  of  all  of  the  used  and  unused  seals.  It  was  apparent  that  several  of  the  unused, 
modified  seals  had  flaws  which  made  sealing  questionable.  It  was  also  apparent  that  the 
1300  lb/ in.  sealing  force  of  the  modified  seals  was  still  not  enough  to  create  a  con¬ 
sistently  shiny  coined  sealing  surface.  The  lack  of  consistency  seemed  to  be  associated 
with  the  effect  of  the  reverse  taper  of  the  seal  on  the  sealing  action  as  well  as  with 
variations  in  the  nickel  plating.  With  the  decision  that  the  sealing  force  was  not  sufficient 
to  overcome  the  fabrication  variations  in  the  large  seal,  a  reinforcing  ring  was  made  to 
fit  inside  the  seal  tang  and  to  im  rease  the  radial  sealing  load  by  approximately  100  per¬ 
cent.  A  load  ring  was  made  for  the  seal,  and  an  assembly  with  a  reinforced,  modified 
seal  showed  a  radial  load  of  2800  lb/ in.  of  seal  circumference. 

The  modified  seal  with  the  best  nickel  plating  was  then  equipped  with  a  reinforcing 
ring  and  the  connector  was  assembled  with  the  expectation  that  a  satisfactory  thermal - 
gradient  test  would  be  achieved.  Although  the  first  cycle  was  conducted  with  no  indica¬ 
tion  of  leakage,  leakage  was  again  indicated  during  the  second  cycle,  and  by  the  fourth 
cycle  excessive  leakage  was  indicated  over  almost  180  degrees  of  the  Bobbin  seal. 

With  the  failure  of  this  test,  it  was  apparent  that  the  leakage  was  being  caused  by 
a  factor  other  than  an  insufficient  radial  sealing  load.  During  one  of  the  earlier  tests, 
the  temperature  of  the  seal  tang  and  the  integral  fiange  was  measured  to  determine 
whether  differential  radial  expansion  was  causing  the  leakage.  Calculations  based  on 
these  measurements  indicated  that  there  was  sufficient  elasticity  in  the  seal  to  maintain 
an  adequate  sealing  load  for  the  thermal  gradients.  However,  a  comparison  of  the 
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8-inch  seal  with  the  3-inch  seal  and  the  1 -inch  threaded  seal  showed  that  the  8-inch  seal 
had  less  than  half  the  compressive  strain  of  the  3-inch  seal,  and  less  than  one-fourth 
the  compressive  strain  of  the  1 -inch  seal.  Even  though  some  of  the  compressive  strain 
in  all  the  seals  is  in  the  plastic  region,  the  austenitic  stainless  steel  used  in  the  seals 
is  a  strain-hardening  material  so  that  an  increase  in  strain  indicates  some  increase  in 
elastic-recovery  capability.  Because  the  effective  thermal -gradients  in  the  connector 
structure  can  only  be  approximated,  it  was  decided  that  one  of  the  reinforced  modified 
seals  would  be  machined  to  produce  longer  sealing  disks  and  provide  more  compressive 
strain  in  the  seal.  It  was  possible  to  make  the  disks  twice  as  long  in  this  approach, 
which  made  the  compressive  strain  similar  to  that  in  the  3-inch  seal. 

A  load  test  was  first  made  with  one  of  the  modified  seals  machined  with  longer 
disks.  Although  the  same  si'ie  reinforcing  ring  was  used  as  had  been  used  on  the  pre¬ 
vious  modified  seals,  the  material  removed  from  the  tang  to  produce  the  longer  disks 
resulted  in  a  measured  radial  load  of  2200  Ib/in.  of  seal  circumference.  This  was 
judged  to  be  adequate.  A  modified  seal  with  good  nickel  plating  was  then  machined  with 
longer  disks,  a  reinforcing  ring  was  added,  and  the  connector  was  reassembled  with 
this  seal.  During  seven  thermal-gradient  cycles,  no  leakage  could  be  detected  from 
the  Bobbin  seal;  this  indicated  fairly  conclusively  that  differential  thermal  expansion 
was  the  basic  cause  of  leakage  in  the  thermal-gradient  test  rather  than  insufficient 
radial  load. 

As  described  subsequently  in  this  report,  it  also  became  apparent  during  this 
period  of  time  that  a  radial  sealing  load  of  1500  lb/ in.  of  seal  circumference  was  de¬ 
sirable  for  the  3/4-  and  1-inch  threaded-connector  stainless  steel  seals.  Because  of 
the  increased  variations  that  are  normally  encountered  in  fabricating  larger  parts,  and 
because  of  significantly  increased  chances  of  accidental  damage  to  the  sealing  sur¬ 
faces,  an  increase  in  radial  sealing  load  for  the  8-inch  seals  was  desirable,  in  any  case, 
even  though  insufficient  radial  load  was  probably  not  the  cause  of  leakage  in  the  experi¬ 
mental  assembly.  However,  the  increased  mass  required  to  achieve  high  radial  sealing 
loads  in  the  larger  seals  represented  a  design  problem  requiring  further  consideration. 


Test  5.  Vibration 


Test  Procedures.  The  procedures  used  to  test  the  8-inch,  100-psi  aluminum  con¬ 
nector  in  its  final  series  were  also  used  to  test  the  8-inch,  100-psi  stainless  steel  con¬ 
nector.  The  design  bending  moment  produced  a  stress  at  the  tube -to -hub  transition  cf 
1  6,  800  psi. 


Test  Results.  Failure  occurred  in  372,000  cycles  at  the  welded  juncture  of  the  stub 
flange  and  the  extension  piece  of  tubing.  The  welded  joint  was  located  approximately 
4  inches  from  the  stub  flange  and  since  it  was  in  a  lower  stress  zone  than  the  connector, 
failure  of  the  carefully  made  weld  was  not  expected.  Some  thought  was  given  to  re¬ 
making  the  weld  and  continuing  the  test.  However,  the  vibration  tests  of  the  3 -inch 
connectors  showed  that  the  stainless  steel  parts  were  much  less  susceptible  to  failure 
in  vibration  than  the  aluminum  parts,  and  since  the  8 -inch,  100-psi  aluminum  connector 
had  successfully  withstood  1.0  x  10^  vibration  cycles,  there  seemed  to  be  no  need  to 
obtain  additional  vibration  cycles  for  the  stainless  steel  connector. 
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Tot  8.  Tightening  Allowance 


Teat  Procedures.  Because  of  the  possible  conduct  of  additional  testB  with  the 
8-inch,  100-psi  and  8-inch,  1500-psi  stainless  steel  connectors  in  an  overrun  effort,  it 
was  not  possible  to  conduct  a  complete  tightening -allowance  test.  The  overtorque  in¬ 
crements  at  each  connector  were  stopped  at  30  percent  to  prevent  failure  of  the  ex¬ 
pensive  A286  studs.  However,  the  procedures  up  to  this  point  were  identical  to  those 
described  for  previous  connectors.  An  initial  torque  of  100  in-lb  was  applied  to  the 
twenty  1/4-inch  A286  studs  of  the  100-psi  connector,  while  an  initial  torque  of 
372  in-lb  was  applied  to  the  twenty-four  3/ 8-inch  A286  bolts  of  the  1500-psi  connector. 


Test  Results.  No  indication  of  yielding  was  obtained  within  the  30  percent  over- 
torque  limitation.  As  with  previous  connectors,  failure  was  expected  to  occur  first  in 
the  studs  and  bolts.  Tests  with  the  3 -inch  stainless  steel  connector  indicated  that  the 
1/4-inch  studs  would  fail  with  about  70  percent  overtorque.  Testa  with  individual  bolts 
showed  that  the  3/ 8-inch  bolts  would  fail  with  about  40  percent  overtorque. 


Test  Summary 


Aluminum  Flanged  Connectors 


Test  1.  Proof  Pressure.  The  primary  purpose  of  this  test  was  to  check  the  initial 
sealing  capability  and  the  strength  of  the  connectors.  Proof-pressure  teats  were  con¬ 
ducted  with  the  following  connectors:  3-inch,  100-psi;  3-inch,  1500-psi;  8-inch,  100-psi; 
8-inch,  1500-psi;  and  16-ir.ch,  100-psi.  In  the  tests  with  the  3-inch  connectors,  the 
maximum  helium  leakage  rate  measured  was  3.  1  x  10"9  atm  cc/sec  per  inch  of  seal 
circumference.  No  helium  leakage  could  be  measured  during  the  tests  with  the  large 
connectors.  No  yielding  of  any  connector  structure  could  be  detected. 


Test  2,  Thermal  Gradient.  This  test  was  conducted  to  determine  the  effect  of 
maximum  thermal  gradients  on  connector  sealing.  Several  thermal -gradient  cycles  were 
conducted  with  each  of  the  assemblies  used  for  the  proof-pressure  tests  (see  above).  The 
maximum  helium  leakage  rates  measured  for  the  100-  and  1500-psi,  3-inch  connectors 
were,  respectively,  1.8  x  10'9  and  1.2  x  10~S  atm  cc/sec  per  inch  of  seal  circumference. 
No  helium  leakage  could  be  measured  for  any  of  the  large  connectors. 


Test  3.  Stress-Reversal  Bending.  This  test  was  one  of  three  fatigue  tests  used 
during  the  course  of  the  program.  Stress-reversal-bending  tests  were  conducted  with 
the  100-  and  1500-psi,  3 -inch  connectors.  Although  both  assemblies  lasted  the  required 
200,000  cycles,  failures  occurred  in  the  tubing  portions  of  both  assemblies  before 
250,000  cycles  had  been  completed.  The  maximum  helium  leakage  measured  during 
these  tests  was  1.  5  x  10~9  atm  cc/sec  per  inch  of  seal  circumference. 


140 


Teat  4.  Pressure  Impulse.  Pres  sure -impulse  tests,  another  type  of  fatigue 
test,  were  conducted  with  a  3-inch,  1500-psi  assembly,  an  8-inch,  1500-psi  assembly, 
and  a  16-inch,  100-psi  assembly.  The  3-inch  assembly  used  for  this  test  was  not  the 
same  assembly  as  was  used  for  the  stress-reversal  bending  test.  Although  the  3-inch 
assembly  withstood  the  required  200,000  cycles  satisfactorily,  substantial  cracking  was 
subsequently  found  at  the  base  of  the  seal  disks.  The  8-inch  seal  failed  at  the  base  of  a 
seal  disk  after  approximately  14,700  cycles.  Modified  seals  were  machined  with  the 
width  of  the  seal  disks  increased  50  percent.  This  type  of  seal  showed  no  cracking 
after  approximately  80,000  cycles.  After  several  miscellaneous  equipment  failures, 
the  tubular  portion  of  the  8 -inch  stub  flange  component  failed  after  approximately 
130,000  cycles.  The  connector  was  judged  to  be  satisfactory.  No  failures  occurred  in 
the  16-inch  assembly  after  1.  2  x  10&  cycles. 


Test  5.  Vibration.  Vibration  tests,  the  third  type  of  fatigue  test,  were  conducted 
with  three  3-inch,  1500-psi  assemblies,  and  an  8-inch,  100-psi  assembly.  The  first 
3-inch  assembly  failed  at  the  base  of  the  integral  flange  after  only  about  50,000  cycles 
with  approximately  one -half  the  required  bending  moment.  The  second  3 -inch  assembly, 
with  strengthened  connector  hubs,  failed  at  a  bulkhead  in  the  tubing  portion  of  the  as¬ 
sembly  after  about  28,000  cycles  under  the  required  test  conditions.  The  third  assembly, 
with  modified  tubing  sections,  failed  after  53,000  cycles  at  the  tube -to -transition  section 
under  the  required  test  conditions.  In  the  second  and  third  assemblies,  failures  oc¬ 
curred  in  a  far  shorter  time  than  was  indicated  by  the  strain  measured  by  carefully 
calibrated  strain  gages  placed  on  the  connectors.  In  contrast,  the  8-inch  connector  with¬ 
stood  1.  0  x  10^  vibration  cycles  under  the  required  test  conditions  without  failure. 


Test  6,  Repeated  Assembly.  Because  of  the  high  sealing  forces  needed  to  seal 
helium,  repeated-assembly  tests  were  conducted  to  determine  whether  repeated  con¬ 
nector  assembly  caused  damage  to  the  connector  flanges.  Twenty-five  reassemblies 
were  conducted  with  a  3 -inch,  1500-psi  connector,  and  six  reassemblies  were  con¬ 
ducted  with  an  8-inch,  1500-psi  assembly.  The  maximum  helium  leakage  measured 
for  the  3-inch  tests  was  0.  97  x  10^  atm  cc/sec  per  inch  of  seal  circumference,  while 
no  leakage  could  be  measured  during  the  8-inch  tests.  No  damage  could  be  detected  on 
any  connector  flange  after  the  tests. 


Test  7,  Misalignment.  A  misalignment  test  was  established  to  demonstrate  that 
a  connector  could  be  assembled  satisfactorily  under  a  certain  amount  of  misalignment. 
The  test  was  conducted  with  a  3-inch,  1500-psi  assembly,  and  an  8-inch,  1500-psi 
assembly.  The  3-inch  connector  was  assembled  satisfactorily  at  angles  of  1,  2,  and 
3  degrees  and  no  helium  leakage  could  be  measured  after  these  assemblies.  The  8-inch 
connector  was  assemfc’ed  satisfactorily  twice  with  a  1 -degree  angle  of  misalignment, 
and  no  helium  leakage  could  be  measured  after  either  assembly.  It  was  estimated  that 
these  angles  represented  realistic  conditions  for  the  two  connector  sizes. 


Test  8.  Tightening  Allowance.  The  final  test  of  each  connector  assembly  con¬ 
sisted  of  tightening  the  studs  in  increments  of  10  percent  over  the  maximum  torque  until 
yielding  was  detected.  For  the  100  -psi  and  1500-psi,  3-inch  connectors,  an  overtorque 
of  40  and  50  percent,  respectively,  was  accomplished  satisfactorily.  The  studs  then 
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began  to  yield  in  the  next  increment  t.f  overtorque.  For  the  100-pai,  8-  and  16-inch  con¬ 
nectors  and  for  the  8-inch,  1500-psi  connector,  the  overtorque  capability  was  60,  30,  and 
20  percent,  respectively.  Differences  in  overtorque  capability  result  from  the  step 
function  by  which  the  computerized  design  program  selects  the  connector  bolt  sizes. 


Extra  Test  -  Durst.  No  burst  test  was  scheduled  for  the  contract.  However,  the 
unfailed  16-inch,  100-psi  connector  provided  a  good  opportunity  to  evaluate  the  burst 
safety  margin  provided  by  the  computerized  design  procedure.  The  tubing  portion  of  the 
assembly  burst  at  a  pressure  of  490  psi.  No  deformation  could  be  detected  in  the  con¬ 
nector  after  the  test. 


Stainless  Steel  Flanged  Connectors 

The  purpose  of  each  of  the  eight  standard  tests  is  summarized  briefly  in  the 
above  summary  of  the  aluminum  connector  teats. 


Test  1.  Proof  Pressure.  Proof-pres sure  teats  were  conducted  with  a  3 -inch, 
1500-psi  assembly,  two  3 -inch,  4000-psi  assemblies,  an  8 -inch,  1 00-psi  assembly,  and 
an  8-inch,  1500-psi  assembly.  The  maximum  helium  leakage  measured  for  the  3-inch, 
1500-psi  assembly  was  1.  5  x  10_®  atm  cc/sec  per  inch  of  seal  circumference.  The 
first  test  with  a  3 -inch,  4000-psi,  600  F  assembly  resulted  in  excessive  leakage  at 
600  F.  A  new  seal  was  machined  with  an  increase  in  the  radial  sealing  load  and  no 
leakage  could  be  detected  during  seven  proof -pressure  cycles.  No  helium  leakage  could 
be  detected  for  the  3 -inch,  4000-psi  cryogenic  assembly  or  for  the  8-inch,  100-psi  as¬ 
sembly.  However,  the  proof -pres  sure  test  for  two  assemblies  of  the  8-inch,  1500-psi 
connector  resulted  in  an  excessive  leakage.  When  a  seal  was  modified  to  provide  an 
increased  sealing  load,  no  leakage  could  be  measured  during  the  proof -pre ssure  test. 

No  yielding  could  be  detected  on  any  of  the  connectors  as  a  result  of  the  proof-pres  sure 
tests. 


Test  2,  Thermal  Gradient.  This  test  was  conducted  with  each  of  the  assemblies 
used  for  the  proof-pressure  test.  The  maximum  helium  leakage  measured  during  six 
thermal-gradient  cycles  of  the  3 -inch,  1500-psi  connector  was  3.7  x  10-9  atm  cc/sec 
per  inch  of  seal  circumference.  The  maximum  leakage  measured  during  six  cycles  of 
the  3-inch,  4000-psi,  600  F  assembly  was  6.  7  x  10'9  atm  cc/  sec  per  inch  of  seal  cir¬ 
cumference,  while  the  maximum  leakage  measured  for  the  3-inch,  4000-psi  cryogenic 
connector  was  3.  3  x  10~8  atm  cc/sec.  A  total  of  10  thermal-gradient  cycles  were 
conducted  on  the  8-inch,  100-psi  assembly  with  no  detectable  leakage.  Considerable 
difficulty  was  encountered  in  the  testing  of  the  8-inch,  1500-psi  assembly.  It  was  not 
until  the  length  of  the  seal  disks  and  the  radial  sealing  load  were  increased  that  seven 
thermal-gradient  cycles  were  conducted  without  an  indication  of  helium  leakage. 


TeBt  3.  Stress-Reversal  Bending.  Stress-rever  sal-bending  tests  were  conducted 
with  a  3-inch,  1500-psi  assembly  and  a  3-inch,  4000-psi,  600  F  assembly.  The  3-inch, 
1500-psi  assembly  withstood  approximately  350,000  cycles  without  failure,  and  the 
3-inch,  4000-psi  assembly  withstood  approximately  200,  000  cycles  without  failure.  The 
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maximum  helium  leakage  measured  for  the  3 -inch,  1500-psi  assembly  was  1.4  x  10"9 
atm  cc/sec  per  inch  of  seal  circumference.  No  leakage  could  be  measured  during  the 
test  of  the  3-inch,  4000-psi  assembly. 


Test  4.  Pressure  Impulse.  Pres  sure -impulse  tests  were  conducted  vdth  a 
3-inch,  1500-psi  asst  mbly  (different  from  the  one  used  for  the  stress-reversal  bending 
test)  and  a  3-inch,  4000-psi  cryogenic  aa«embly.  The  1500-psi  assembly  withstood 
200,000  cycles  without  failure  and  with  no  detectable  leakage.  The  4000-psi  assembly 
withstood  approximately  1. 0  x  10&  cycles  without  failure  and  without  detectable  leakage. 


Test  5.  Vibration.  Vibration  tests  were  conducted  with  a  3  -inch,  1500-psi  as¬ 
sembly,  and  an  8-inch,  100-psi  assembly.  The  3 -inch  assembly  (which  had  been  used 
for  the  pres  sure -impulse  test)  withstood  475,000  cycles  without  failure  and  without 
leakage.  The  8-inch  assembly  failed  after  372,  000  cycles  at  the  weld  joint  between  the 
stub  flange  hub  and  the  tube  extension.  No  leakage  could  be  detected  during  the  test 
and  the  connector  was  judged  to  bs  satisfactory. 


Test  6.  Repeated  Assembly.  Twenty-five  reassembly  tests  were  conducted  with 
a  3-inch,  1500-psi  assembly.  Four  assemblies  showed  excessive  leakage.  At  the  time 
it  was  judged  that  the  excessive  leakage  was  caused  by  poor  plating.  However,  on  the 
basis  of  tests  with  other  stainless  steel  seals,  it  subsequently  appeared  that  these  seals 
indicated  insufficient  radial  sealing  load. 


Test  7.  Misalignment.  A  misalignment  test  was  conducted  with  a  3 -inch, 
1500-psi  assembly.  Assemblies  were  made  at  initial  misalignment  angles  of  1 ,  2,  and 
3  degrees.  No  leakage  could  be  detected  after  any  assembly. 


Test  8,  Tightening  Allowance.  Tightening -allowance  tests  were  conducted  with 
the  same  assemblies  as  were  used  for  the  proof-pressure  tests.  The  3-inch,  1500-psi 
connector  withstood  50  percent  overtorque  without  yielding,  while  the  3 -inch,  4000-psi 
assembly  withstood  90  percent  overtorque  without  yielding.  The  8-inch,  100-ps:  as¬ 
sembly  and  the  8-inch,  1500-psi  assembly  were  subjected  to  only  a  30  percent  overtorque 
because  the  assemblies  and  the  fasterners  were  needed  for  work  under  another  contract. 
Tests  with  individual  fasterners  showed  that  the  100-psi  assembly  would  have  withstood 
about  70  percent  overtorque,  while  the  1500-psi  assembly  would  have  begun  yielding  with 
40  percent  overtorque. 


Discussion  of  Critical  Design  Parameters 


For  the  most  part,  the  qualification  tests  verified  the  applicability  of  the  com¬ 
puterized  program  for  designing  lightweight  flanged  connectors  for  aluminum  and  stain¬ 
less  steel  tubing  systems.  As  would  be  expected,  the  many  design  parameters  and  test 
conditions  combined  to  produce  several  critical  areas.  Both  the  satisfactory  and  un¬ 
satisfactory  critical  areas  are  discussed  briefly  in  relation  to  the  major  components  of 
the  aluminum  and  stainless  steel  connectors. 
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Aluminum  Flanged  Connec tors 


Bobbin  Seal,  The  radial  sealing  load  (750  lb/in.  of  seal  circumference)  selected 
for  the  aluminum  Bobbin  seal  produced  excellent  initial  sealing.  The  residual  axial 
load  (50  percent  of  the  axial  seating  load)  maintained  excellent  sealing  during  the  per¬ 
formance  tests.  The  use  of  overaged  6061 -T6  aluminum  as  the  seal  material  was  en¬ 
tirely  satisfactory. 

Two  problems  were  revealed  for  the  Bobbin  seal.  First,  the  seal  disks  were  too 
thin  to  pass  the  pres  sure -impulse  test  for  1500-psi  systems.  Second,  calculations 
showed  that  the  length  of  the  seal  disks  was  marginal  for  some  connector  sizes  (parti¬ 
cularly  8  and  16  inch)  for  providing  sufficient  elastic  recovery  for  cryogenic  thermal- 
gradients.  (This  condition  was  found  to  exist  despite  the  successful  thermal -gradient 
tests  of  the  8-inch  connectors.  ) 

For  the  specifications  shown  in  Appendix  C,  the  design  of  the  seal  disks  was  re¬ 
vised  to  overcome  these  difficulties.  There  is  little  doubt  that  the  thermal-gradient 
problem  has  been  corrected  by  a  lengthening  of  the  dieks  of  selected  seal  sizes.  How¬ 
ever,  the  calculations  for  the  seal  disk  thickness  are  approximations,  and  tests  are 
needed  to  verify  the  pressure -impulse  capability  of  the  new  length/ thickness  dimensions 
of  the  disks  for  1500-psi  seals  for  8-  and  16-inch  systems.  The  revised  seal  design  did 
not  significantly  change  the  low-pressure  seals  and  only  marginally  changed  the  high  - 
pressure  3-inch  seals.  Consequently  these  successful  designs  need  not  be  retested. 


Integral  and  Loose-Ring  Flanges.  The  design  of  the  flanges  incorporates  many 
stress  calculations  and  assumptions.  Although  the  performance  of  both  types  of  flsnges 
was  excellent  in  most  regards,  one  minor  and  two  major  problems  were  revealed  in  the 
test  program.  The  minor  problem  was  caused  by  the  stress  calculation  for  the  thickness 
of  the  seal  cavity  lip  for  ihe  stub  flange  providing  insufficient  material  for  machining 
tolerances  for  the  large  connectors.  This  has  been  corrected  in  the  specifications. 

A  major  problem  resulted  when  the  initial  design  program  did  not  provide  suffi¬ 
cient  strength  at  the  hub-to-flange  joints.  This  problem  was  corrected  early  in  the 
laboratory  program  and  the  revised  design  was  shown  to  be  satisfactory  in  the  subsequent 
tests.  The  revised  design  has  been  included  in  the  specifications.  In  the  second  major 
problem,  the  tubing  wall  selected  for  the  high-pressure  connectors  was  not  sufficiently 
strong  to  provide  ?  minimum  of  200,000  pressure -impulse  cycles.  The  calculation  for 
the  tubing  wall  thickness  was  revised,  on  the  basis  of  considerable  design  data,  amd  the 
specifications  incorporate  the  revised  calculation.  Because  of  the  importance  of  failure 
of  the  tubing,  the  adequacy  of  the  calculation  should  be  checked  by  additional  pressure  - 
impulse  tests. 

In  addition  to  the  stress -ccwlcuiation  revisions,  consideration  of  the  flange  configu¬ 
rations  during  the  laboratory  program  led  to  the  decision  to  des.gn  the  flanges  with  a 
slight  tube  extension  so  the  tubing  weld  would  not  occur  at  the  change  in  section  pro¬ 
vided  by  tire  tapered  flange  hub.  This  configuration  has  also  been  incorporated  in  the 
specifications . 


144 


Loose  Ring.  The  loose  ring  represents  a  difficult  design  problem.  While  the 
loose  ring  tilted  more  for  some  test  connectors  than  for  others,  the  studs  limited  the 
decree  of  tilt  to  an  acceptable  value.  Because  of  the  relatively  close  fit  of  the  studs 
in  the  holes  of  the  loose  ring,  a  considerable  increase  in  the  weight  of  the  loose  ring 
would  be  required  to  prevent  any  binding  against  the  studs.  The  tilting  of  the  loose 
ring  did  not  adversely  affect  the  assembly  of  any  connectors  within  the  required  torque 
values,  and  the  design  basis  for  the  loose  ring  was  believed  to  be  satisfactory. 


Bolts,  Studs,  and  Nuts.  The  performance  of  the  aluminum  studs  and  nuts  was 
excellent  in  all  cases.  The  adequacy  of  the  design  basis  was  particularly  well  demon¬ 
strated  with  the  8-inch,  1500-psi  assembly  in  which  high-strength  steel  socket-head 
screws  and  cap  screws  kept  failing  during  the  pres  sure -impulse  test  of  the  connector. 
There  is  little  doubt  that  the  use  of  aluminum  studs  and  nuts  poses  problems.  The 
threads  are  easily  damaged  in  handling  and  the  bearing  surfaces  have  to  be  lubricated 
carefully  to  prevent  galling.  Further,  the  proximity  of  the  yield  strength  of  aluminum 
to  its  tensile  strength  seriously  limits  the  overtorque  capability  of  aluminum  fasteners, 
requiring  extra  care  to  achieve  the  proper  torque.  However,  calculations  show  that 
aluminum  fasteners  must  be  used  if  a  lightweight  aluminum  connector  is  to  maintain 
good  sealing  for  cryogenic  thermal  gradients.  By  selecting  2024-T4  material,  and  by 
using  standard  machining  practices,  it  is  believed  that  practical  aluminum  fasteners 
have  been  designed. 


General  Comments.  In  reviewing  the  tests  of  aluminum  connectors,  there  was 
evidence  that  each  increase  in  connector  size  introduced  unexpected  problems.  The 
3 -inch  connector  introduced  vibration  problems  that  had  not  been  encountered  with 
aluminum  threaded  connectors,  and  the  8-inch,  1500-psi  connector  introduced  fatigue 
problems  that  had  not  been  encountered  with  the  3 -inch,  1500-psi  connector.  These 
problems  seemed  to  result  primarily  from  the  unanticipated  effects  of  high  pressure  on 
large  surface  areas,  and  on  the  tendency  of  aluminum  to  crack  with  over  stressing 
rather  than  to  yield  and  redistribute  the  stresses  as  stainless  steel  does.  Because  of 
these  problems,  it  was  concluded  that  the  satisfactory  performance  of  large  (over 
8  inch),  1000-  and  1500-psi  connectors  remains  in  some  question  until  they  are  built 
and  tested.  The  dimensions  for  such  connectors  were  included  in  the  specifications, 
and  it  was  believed  that  the  chances  are  good  that  they  would  function  satisfactorily. 
However,  the  connectors  were  not  viewed  with  the  same  confidence  as  those  that  were 
within  the  limits  of  the  connectors  that  were  built  and  tested. 


Stainless  Steel  Flanged  Connectors 

At  the  start  of  the  program,  the  stainless  steel  connectors  were  expected  to  pro¬ 
duce  fewer  problems  than  the  aluminum  connecters.  This  resulted  primarily  from  the 
greater  toughness  of  stainless  steel  than  aluminum  (as  discussed  above).  Because  of 
this  expectation,  the  aluminum  connectors  in  each  size  were  scheduled  to  be  tested  be¬ 
fore  the  stainless  steel  connectors.  Unfortunately,  in  the  latter  stages  of  the  laboratory- 
program,  major  problems  developed  with  the  stainless  steel  seal  for  the  8 -inch, 

1500-psi  connector.  Although  considerable  progress  was  made  toward  the  solution  of 
these  problems,  it  was  not  possible  to  demonstrate  the  adequacy  of  the  solution  for  the 
large  connector  sizes.  At  the  end  of  the  program,  a  letter  was  forwarded, 
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recommending  the  investigation  of  adequate  solutions  to  the  large -diameter  stainless 
steel  seal  problem  and  the  conduct  of  the  necessary  tests  to  demonstrate  these  solutions. 


Bobbin  Seal.  The  dimensions  selected  for  the  stainless  steel  Bobbin  seals  were 
satisfactory  in  several  respects.  The  disk  thickness  was  satisfactory  for  the  radial 
loading  and  for  the  pressure -impulse  tests.  (For  instance,  the  0.  040-inch  thick  disk 
for  the  3-inch,  4000-psi  connector  withstood  1,000,000  pressure-impulse  cycles  without 
any  sign  of  fatigue  damage.  )  Also,  the  residual  axial  seating  loads  were  satisfactory  for 
the  various  performance  conditions. 

The  major  seal  problems  that  developed  related  to  the  radial  sealing  load  or  to 
the  inability  of  the  seal  to  accommodate  the  radial  thermal  gradients  in  the  large,  high- 
pressure  connectors.  The  radial«sealing~load  problem  was  found  to  exist  in  the 
3/4-  and  l -inch  threaded  connectors  as  well  as  in  the  flanged  connectors.  On  the  basis 
of  work  in  both  types  of  connectors,  the  design  radial  sealing  load  was  increased  from 
750  lb/in.  of  seal  circumference  for  all  seals  to  1200  lb/in.  for  100,  200,  and  500-psi 
connectors,  and  to  2500  lb/in.  for  pressures  of  1000  psi  and  higher.  These  revised 
values  were  included  in  the  specifications. 

In  conjunction  with  the  radial  sealing  load  problem,  it  was  also  found  that  the 
0-inch  seal  did  not  provide  sufficient  elasticity  for  the  thermal  gradients  caused  by  the 
heavy  flanges  for  the  1500-psi  connectors.  Although  a  16-inch,  1500-psi  connector 
was  not  tested,  the  problem  was  shown  by  calculation  to  be  even  worse  for  this  con¬ 
nector,  and  other  large,  high-pressure  connectors  were  believed  to  have  the  same 
limitation.  It  was  shown  by  the  successful  test  of  the  8-inch,  1500-psi  connector  that 
this  problem  could  be  corrected  by  increasing  the  length  of  the  seal  disks.  Increased 
seal  disk  lengths  were  then  selected  for  all  large  connectors  and  the  thickness  of  the 
disks  was  increased  to  sustain  the  higher  radial  loading  (2500  lb/ in.  ).  These  revised 
dimensions  were  included  in  the  specifications. 

On  basis  of  the  qualification  tests  and  on  selected  calculations,  it  was  believed  that 
the  specification  dimensions  could  be  viewed  with  confidence  for  all  connectors  through 
3  inches,  and  for  100-,  200-,  and  500-psi  connectors  through  8  inches.  However,  for 
the  8-inch,  1500-psi  connector,  and  for  all  connectors  larger  than  8  inches,  selective 
tests  were  desirable  to  substantiate  the  revised  seal  design  parameters.  It  was  possible 
that  the  disk  length  in  some  of  the  larger,  high-pressure  connectors  would  have  to  be 
increased  still  further.  If  this  became  necessary,  it  was  believed  that  a  modified  seal 
design  should  be  used  in  which  the  disks  were  machined  farther  down  into  the  seal  tang, 
leaving  some  material  between  the  disk  sides. 


Integral  and  Loose -Ring  Flanges.  The  design  basis  for  these  connector  components 
was  found  to  be  satisfactory  in  almost  every  respect.  On  the  basis  of  the  problems 
revealed  by  the  aluminum  flanges,  the  hub-to-flange  joint  was  strengthened,  the  stub- 
flange  seal  cavity  lip  was  increased  for  the  larger  sizes,  and  a  tube  extension  was  added 
to  the  tapered  hub  to  remove  the  weld  joint  from  the  change  in  section  at  the  tapered 
hub. 
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Loose  Ring.  The  tilting  of  the  loose  ring  that  was  encountered  in  the  aluminum 
loose  rings  was  even  more  pronounced  in  some  of  the  stainless  steel  connectors.  How¬ 
ever,  as  with  the  aluminum  connectors,  the  tilting  did  not  seem  to  interfere  with  the 
normal  assembly  of  the  connectors,  and  the  decision  was  made  to  leave  the  design 
unchanged. 


Bolts,  Studs,  and  Nuts.  The  performance  of  the  A286  studs  and  nuts  was  excellent. 
No  problems  were  encountered  in  the  assembly  of  the  fasteners  or  in  the  performance 
of  the  connectors,  and  ample  overtorquing  capability  was  demonstrated.  The  high  cost 
of  A286  fasteners  and  the  long  lead  time  often  required  to  get  the  parts  will  undoubtedly 
be  a  problem  for  some  time.  However,  the  A286  fasteners  have  so  many  technical  ad¬ 
vantages  that  it  is  believed  that  no  other  fastener  will  offer  serious  competition  within 
the  foreseeable  future. 
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IV 


FLANGED-CONNECTOR  MILITARY  STANDARDS  AND 
SPECIFICATIONS 


The  flanged  connector  military  standards  and  specifications  developed  under 
Contract  AF  04(6  1 1)- 1 1204  are  discussed  in  three  sections:  ( 1 )  background,  (2)  general 
standards  and  specifications  characteristics,  and  (3)  recommendations  for  flanged- 
connector  military  standards  and  specifications. 


Background 


Under  Contract  No.  AF  04(6 1 1 )- 9578,  military  standards  and  specifications  were 
prepared  in  draft  form  for  AFRPL  threaded  connectors  for  4000-psi  stainless  steel 
tubing  systems  and  1000-  and  750-psi  aluminum  tubing  systems.  Specifically,  the  items 
prepared  consisted  of:  (1)  military  standards  containing  assembly  instructions  and  part 
drawings  for  typical  connector  configurations  for  six  tubing  sizes:  1/8,  1/4,  3/8,  1/2, 
3/4,  and  1  inch,  (2)  a  military  specification  for  the  plating  of  soft  nickel  on  stainless 
steel  Bobbin  seals,  and  (3)  a  military  specification  for  the  qualification  of  AFRPL 
fittings  by  prospective  manufacturers.  Although  the  preparation  of  these  items  required 
considerable  effort,  ample  guidance  was  obtained  from  previous  military  documents 
concerning  the  appropriate  format  and  necessary  information. 

At  the  beginning  of  Contract  AF  04(61 1)-  11204,  it  was  mutually  agreed  that 
there  was  little  precedence  for  determining  the  best  form  for  military  standards  and 
specifications  for  flanged  connectors.  Flanged  connectors  for  the  aerospace  industry 
are  usually  designed  specifically  for  each  system  to  insure  minimum  weight.  On  this 
basis,  it  appeared  desirable  to  develop  a  computerized  design  procedure  that  could  be 
used  by  aerospace  designers  to  determine  the  dimensions  of  AFRPL  flanged  connectors 
for  each  aerospace  system  application. 

While  this  general  concept  was  attractive,  further  mutual  consideration  led  to  the 
conclusion  that  it  was  not  practical  as  an  Air  Force  procurement  procedure.  As  the 
computer  program  was  developed  it  became  clear  that  a  certain  amount  of  engineering 
judgment  would  be  required  for  the  selection  of  input  data  and  for  the  selection  of 
optimum  connector  dimensions.  If  flanged  connectors  were  obtained  by  the  Air  Force 
through  use  of  the  design  procedure,  no  control  could  be  exercised  over  these  judgment 
points.  Further,  mistakes  in  the  use  of  the  computer  program  might  not  be  revealed 
until  late  in  the  procurement  cycle. 

Attention  was  then  directed  toward  the  preparation  of  a  large!,steam  table"  of 
dimensions  that  would  be  sufficiently  comprehensive  that  all  foreseeable  system  re¬ 
quirements  could  be  met  closely  by  selection  of  the  proper  connector  parts,  either  by 
the  Air  Force  or  by  the  contractor.  While  this  approach  had  considerable  merit,  the 
large  number  of  connector  sizes  and  types  made  it  very  difficult  to  specify  tolerances 
for  dimensions  and  assembly  torques.  Also,  there  seemed  to  be  a  distinct  possibility 
that  the  large  number  of  connectors  might  include  some  combination  of  parts  that  would 
not  perform  properly  under  certain  application  requirements. 


148 


Late  in  Contract  AF  04(6 1 1 )- 1 1204  it  was  decided  that  the  best  procurement  pro¬ 
cedure  would  be  a  combination  of  the  two  basic  approaches.  Military  standards  and 
specifications  were  to  be  prepared  for  the  sizes  and  pressures  mutually  believed  to  be 
the  most  commonly  used  in  the  foreseeable  future.  By  including  the  computer  program 
for  the  design  procedure  in  this  report,  it  would  also  be  possible  for  connector  di¬ 
mensions  to  be  developed  for  special  applications.  Arrangements  could  be  made  be¬ 
tween  the  Air  Force  and  each  contractor  concerning  the  necessary  steps  for  qualifying 
the  design  of  each  special  connector. 


General  Characteristics  of  Flanged-Connector 
Military  Standards  and  Specifications 


It  is  anticipated  that  the  military  standards  and  specifications  eventually  prepared 
by  the  Air  Force  for  flanged  connectors  will  consist  of  three  documents:  (1)  an  assembly 
of  military  standards,  (2)  a  military  specification  for  soft  nickel  plating,  and  (3)  a 
military  specification  for  the  requirements  of  fluid  connectors.  Each  of  these  is 
discussed  briefly. 


Military  Standards 


Military  Standards  for  AFRPL  threaded  connectors  were  issued  as  part  of  Pro¬ 
curement  Specifications  MIL- F- 274 17  (USAF).  Five  sheets  (MS  27850)  were  prepared 
describing  the  proper  assembly  of  the  fitting.  One  sheet  (MS  27851)  showed  the  Military 
Standard  numbers  for  each  stainless  steel  connector  assembly,  while  MS  27856  showed 
the  numbers  for  each  aluminum  connector  assembly.  One  sheet  was  then  prepared  for 
each  connector  part  (MS  27852  through  MS  27855,  and  MS  27857  through  MS  27868), 
showing  the  necessary  manufacturing  information  for  producing  each  part  for  each  of  six 
tubing  sizes.  (Figure  90  shows  MS  27855,  which  was  prepared  for  stainless  steel  seals). 

Similar  military  standards  are  expected  to  be  issued  for  AFRPL  flanged  connectors. 
One  set  of  assembly  instructions  will  probably  be  satisfactory  for  all  the  flanged  con¬ 
nectors.  However,  one  drawing  of  an  assembled  connector  will  probably  be  required 
for  each  material,  system  pressure,  and  service  condition  so  the  necessary  part  numbers 
can  be  given.  For  each  assembly  drawing,  one  military  standard  sheet  will  probably  be 
required  for  each  component,  i.e.,  integral  flange,  loose-ring  flange,  loose  ring,  seal, 
bolt,  stud,  and  nut.  If  military  standards  are  prepared  on  this  basis  for  the  system 
conditions  included  in  Appendix  C,  approximately  70  military  standards  will  be  required. 
Because  of  the  large  number  of  tubing  sizes  and  connector  dimensions  to  be  included  on 
each  military  standard,  it  may  be  desirable  to  issue  the  flanged- connector  military 
standards  in  groups,  with  the  most  common  system  conditions  being  given  first  priority. 


Nickel-Plating  Specifications 

A  military  specification,  MIL- P-27418  (USAF),  has  been  issued  for  plating  soft 
nickel  on  stainless  steel  Bobbin  seals.  Except  for  minor  changes  that  might  be  needed 
to  update  the  document,  the  specification  is  believed  to  be  satisfactory  for  the  Bobbin 
seals  of  the  flanged  connectors. 
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FIGURE  90.  SAMPLE  MILITARY  STANDARD  (MS  27855)  FOR 
THREADED  CONNECTORS 
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Flanged-Connector  Requirements  Specification 


A  military  specification,  MIL- F- 27417  (USAF),  has  been  issued  to  establish  the 
requirements  of  AFRPL  threaded  fittings  for  use  in  rocket-engine  fluid  systems.  By 
defining  different  manufacturing  and  performance  criteria  to  be  met  by  AFRPL  con¬ 
nectors,  a  means  was  expected  to  be  provided  by  which  sample  connectors  from  any 
manufacturer  could  be  evaluated  for  quality.  By  means  of  this  procedure,  it  was 
expected  that  interested  manufacturers  would  be  placed  on  a  qualified  products  list. 

It  is  expected  that  a  similar  military  specification  will  be  issued  for  AFRPL 
flanged  connectors.  Because  of  the  larger  sizes  and  much  greater  variety  of  flanged- 
connector  types,  it  is  believed  that  the  performance  evaluation  of  connectors  should 
be  minimized  and  that  greater  detail  should  be  included  concerning  inspection  and 
handling  of  the  manufactured  parts. 


Recommendations  for  Flanged-Connector  Military 
Standards  and  Specifications 


The  uncertainty  concerning  the  final  form  of  the  flanged- connector  military  stan¬ 
dards  and  specifications  led  to  the  mutual  decision  to  limit  the  expenditures  under 
Contract  AF  04(6 1 1 )- 1 1204  to  the  preparation  of  typical  drawings,  nominal  component 
dimensions,  and  recommendations  concerning  selected  types  of  information.  As  Air 
Force  decisions  were  eventually  made  concerning  the  military  standards  and  specifics'- 
tions  that  should  be  issued,  it  was  expected  that  the  Rocket  Propulsion  Laboratory, 
using  information  in  this  report  as  a  basis,  could  prepare  the  necessary  documents. 

The  recommendations  prepared  by  Battelle-Columbus  are  discussed  in  three  categories: 
(1)  military  standards,  (2)  nickel-plating  specifications,  and  (3)  connector  performance 
specifications . 


Military  Standards 


Appendix  C  contains  the  drawings  and  nominal  dimensions  prepared  by  Battelle- 
Columbus  for  the  flanged- connector  military  standards.  First,  suggested  assembly 
instructions  have  been  prepared.  Next,  an  assembly  drawing  is  shown  which  is  believed 
to  be  suitable  for  all  of  the  assembly  military  standards.  Finally,  nominal  part 
dimensions  have  been  prepared  for  Connectors  1  through  10  of  the  following  flanged  con¬ 
nectors.  Dimensions  for  Connectors  11  through  27  are  to  be  generated  after  testing 
during  an  overrun  effort. 

1.  100-psi,  aluminum,  cryogenic,  1  through  16  inches 

2.  200-psi,  aluminum,  cryogenic,  1  through  16  inches 

3.  500-psi,  aluminum,  cryogenic,  1  through  16  inches 

4.  1000-psi,  aluminum,  cryogenic,  1  through  16  inches 

5.  1500-psi,  aluminum,  cryogenic,  1  through  16  inches 

6.  100-psi,  stainless  steel,  cryogenic,  1  through  16  inches 

7.  200-psi,  stainless  steel,  cryogenic,  1  through  16  inches 
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8.  500-psi,  stainless  steel,  cryogenic,  1  through  16  inches 

9.  1000-psi,  stainless  steel,  cryogenic,  1  through  16  inches 

10.  1500-psi,  stainless  steel,  cryogenic,  1  through  16  inches 

11.  2000-psi,  stainless  steel,  cryogenic,  1  through  3  inches 

12.  2500-psi,  stainless  steel,  cryogenic,  1  through  3  inches 

13.  3000-psi,  stainless  steel,  cryogenic,  1  through  3  inches 

14.  4000-psi,  stainless  steel,  cryogenic,  1  through  3  inches 

15.  5000-psi,  stainless  steel,  cryogenic,  1  through  3  inches 

16.  6000-psi,  stainless  steel,  cryogenic,  1  through  3  inches 

17.  100-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

18.  200-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

19.  500-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

20.  1000-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

21.  1500-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

22.  2000-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

23.  2500-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

24.  3000-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

25.  4000-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

26.  5000-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

27.  6000-psi,  stainless  steel,  hot  gas,  1  through  3  inches 

It  is  obvious  from  an  examination  of  the  nominal  dimensions  of  the  connector  parts 
that  a  number  of  tolerances  must  be  established  for  the  final  military  standards.  It  is 
recommended  that  normal  machining  practices  be  followed  for  the  most  part.  As  an 
exception,  the  thickness  of  the  seal  disks  must  be  controlled  relatively  closely,  as  must 
the  dimensions  and  the  surface  finish  of  the  outside  diameter  of  the  seal  disks,  and  of 
the  inside  diameter  of  the  lips  of  the  flange  seal  cavities.  The  outer  seal  disk  edges  and 
the  corners  of  the  flange  seal  cavities  must  also  be  closely  controlled. 


Nickel-Plating  Specification 


The  following  comments  are  made  in  accordance  with  the  respective  paragraphs  of 
MIL- P-274 18  (USAF).  The  paragraphs  not  discussed  are  believed  to  be  applicable  to 
the  plating  of  seals  for  flanged  connectors. 


3,  2  Workmanship.  On  the  basis  of  work  with  seals  for  threaded  connectors,  it  is 
believed  that  a  third  paragraph  (3.  2,  3  Sealing  Surfaces)  should  be  added  to  Paragraph 
3.2.  A  suggested  wording  for  this  paragraph  is:  "The  examination  of  the  circumference 
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of  each  seal  disk  for  conformance  with  3.  2.  1  and  3,2,2  shall  be  conducted  with  a 
5-power  glass,  " 

4,  2  Separate  Specimens.  It  is  suggested  that  the  following  sentence  be  added  to 
the  paragraph  for  4.  2:  "The  examination  of  the  separate  specimens  shall  be  conducted 
with  a  5-power  glass". 

4,  3,2,  1  Visual  Inspection.  It  is  suggested  that  the  following  sentence  be  inserted 
between  the  two  existing  sentences:  "The  examination  of  the  circumference  of  each  seal 
disk  shall  be  conducted  with  a  5-power  glass". 

5,  PREPARATION  FOR  DELIVERY.  The  handling  damage  that  has  occurred  with 
the  seals  manufactured  by  Scientific  Advances  Inc.  has  amply  demonstrated  the  need  for 
the  inclusion  of  packaging  instructions.  Such  damage  will  be  greatly  amplified  for  the 
larger,  heavier,  flanged  connector  seals.  The  proper  wording  for  this  section  of  the 
specification  can  probably  best  be  devised  by  the  Rocket  Propulsion  Laboratory,  using 
existing  terminology.  The  major  requirements  to  be  included  are:  (1)  that  each  seal 
be  individually  packaged  and  (2)  that  the  packaging  include  some  means  for  protecting 
the  circumference  of  the  seal  disks  until  installation  of  the  seal  in  the  connector. 


Flanged-Connector  Requirements  Specification 

The  following  comments  are  made  in  accordance  with  the  respective  paragraphs  of 
MIL-F-27417  (USAF).  Although  there  are  many  similarities  between  threaded  and 
flanged  connectors,  the  number  of  differences  are  believed  to  be  great  enough  to  war¬ 
rant  the  preparation  of  a  separate  specification  for  flanged  connectors. 

L  SCOPE.  The  existing  wording  should  be  adequate  with  the  substitution  of 
"flanged  connector"  for  "fittings". 

2.  APPLICABLE  DOCUMENTS.  The  Rocket  Propulsion  Laboratory  can  best 
identify  the  applicable  government  documents. 

3.  REQUIREMENTS.  This  is  a  large  section  of  the  specification  and  consider¬ 
able  work  must  be  done  to  make  it  applicable  to  flanged  connectors.  The  paragraph  on 
materials  (3,2)  must  be  revised  to  include  the  material  for  the  aluminum  hardware  and 
the  stainless  steel  hardware.  The  paragraph  on  design  and  dimensions  (3.3)  must  be 
revised  to  exclude  information  applicable  to  threaded  fittings  (such  as  3.  3.  1)  and  to  in¬ 
clude  information  on  flanged  connectors  such  as  information  on  studs,  bolts,  and  nuts. 
Paragraphs  3.  4  and  3.  5  appear  to  be  generally  applicable. 

Paragraph  3.6  on  performance  needs  major  revision.  In  fact,  it  is  believed  that 
serious  consideration  should  be  given  to  the  complete  elimination  of  performance  test¬ 
ing.  The  manufacturing  variations  that  are  critical  to  successful  performance  have 
been  identified,  for  the  most  part.  Thus,  it  is  believed  that  pertinent  manufacturing 
capability  can  best  be  evaluated  by  the  careful  inspection  of  selected  critical  components, 
such  ai  different  size  seals. 

Paragraphs  3.7  and  3.8  appear  to  be  generally  applicable  to  flanged  connectors. 
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4.  QUALITY  ASSURANCE  PROVISIONS.  Paragraphs  4.  1  and  4.  2  appear  to  be 
generally  applicable  to  flanged  connectors.  Paragraphs  4.3  through  4.7  are  perfor¬ 
mance  requirements  which  should  be  reexamined  and  either  reduced  or  eliminated  in 
accordance  with  the  comment!  above.  Instead,  Paragraph  4.8  on  examinations  should 
be  greatly  expanded  to  require  the  manufacture  and  inspection  of  selected,  critical,  and 
typical  components. 

Paragraph  4.  9  on  test  methods  should  be  largely  eliminated  and  replaced  with  a 
description  of  applicable  examination  methods.  Paragraphs  concerning  inspection, 
such  as  4,  9.  6  through  4.9.  11,  should  probably  be  retained. 

5.  PREPARATION  FOR  DELIVERY.  The  Rocket  Propulsion  Laboratory  is  best 
able  to  evaluate  the  applicability  of  this  material. 

6.  NOTES.  The  material  in  this  paragraph  appears  to  be  generally  applicable  to 
flanged  connectors. 
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V 


THREADED-CONNECTOR  SUPPORT 


Contract  AF  04(6  11 )-» 1204  established  Phase  III  to  provide  engineering  support 
during  the  introduction  of  AFRF'L  threaded  connectors  (see  Figure  91)  to  industrial 
firms  and  government  agencies.  Although  it  was  anticipated  that  support  might  be  re  - 
quired  in  regard  to  assembly  tools  and  inspection  techniques,  the  exact  nature  of  the  sup¬ 
port  was  to  be  determined  during  the  course  of  the  contract. 


AMS  9SS7  FO*  cues  SYSTEMS 
AMS  40S3  FOS  AL  AUY  SYSTEMS 


FIGURE  91.  AFRPL  THREADED  CONNECTOR 


Work  was  conducted  on  four  aspects  of  AFRPL  stainless  steel  threaded  connect¬ 
ors:  (1)  seal  removal,  (2)  seal  retention  and  misalignment  limitation,  (3)  increased 
radial  seal  loading,  and  (4)  stress  relaxation. 


Seal  Removal 


Although  axial  loads  of  up  to  3000  pounds  are  required  to  assemble  Bobbin  seals 
in  threaded  connectors,  the  forces  required  to  remove  the  seated  seals  are  much  lower. 
When  the  nut  of  a  threaded  fitting  has  been  removed,  the  fitting  halves  can  be  separated 
by  hand  by  a  cantile\er  force  applied  to  one  of  the  connector  flanges.  A  moment  of  about 
150  in-lb  is  sufficient  U.  r  the  1-inch  connector,  with  lower  moments  being  required  for 
the  smaller  connectors. 

When  the  connector  halves  are  separated,  the  Bobbin  sea)  remains  in  one  of  the 
connector  flanges.  The  most  straightforward  way  of  removing  the  seal  is  to  place  the 
blade  of  a  medium-sized  screwdriver  at  the  root  of  the  exposed  seal  disk  and  to  strike 
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the  handle  of  the  ocrewdr'ver  a  sharp  blow.  Two  ox*  three  such  blows  a~e  almost  al¬ 
ways  adequate  to  force  the  Bobbin  seal  from  the  connector  flange. 

Although  a  screwdriver  can  be  used  effectively,  such  a  tool  is  not  desirable  if 
the  skill  of  the  technician  is  limited.  There  is  a  strong  tendency  to  use  the  blade  of  the 
screwdriver  to  pry  the  seal,  from  the  flange,  using  the  flange  lip  as  a  fulcrum.  Al¬ 
though  prying  is  successful  if  done  by  the  proper  tool,  such  action  with  a  screwdriver 
is  undesirable  because  it  tends  to  nick  the  edge  of  the  relatively  soft  stainless  steel  of 
the  flange.  Such  a  nick  can  cause  material  to  protrude  into  the  seal  cavity,  and  the 
protrusion  damages  seals  during  subsequent  assembly. 

A  prying  action  is  satisfactory  for  removing  the  Bobbin  seal  from  a  connector 
flange  if  the  forces  are  applied  properly.  Figure  92  shows  a  simple  tool  based  on  this 
precept  that  was  designed  and  tested  satisfactorily  during  the  program.  By  dimension¬ 
ing  the  yoke  to  fit  snugly  between  the  end  of  the  flange  and  the  exposed  seal  disk,  it  is 
possible  to  exert  a  high  axial  force  without  a  sharp  corner  of  the  tool  digging  into  the 
lip  of  the  flange.  The  tool  can  also  be  used  to  separate  the  flanges,  as  shown  in  Step  1. 
After  the  seal  is  broken  ioose,  it  can  be  removed  easily  from  the  flange.  It  is  believed 
that  this  principle  could  be  incorporated  into  an  inexpensive  tool  with  different  size 
yokes  for  each  connector  size. 


FIGURE  92.  SEAL-REMOVAL  TOOL 
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Seal  Retention  and  M.salignment  Limitation 


During  the  early  part  of  the  program,  it  became  apparent  that  two  improvements 
would  be  desirable  for  the  threaded  connectors:  (1)  a  method  of  retaining  the  seal  in  a 
flange  cavity  during  assembly  of  the  connector,  and  (2)  a  method  of  limiting  the  degree 
of  misalignment  at  which  the  connector  could  be  assembled.  These  problems  were  first 
considered  separately  and  their  parameters  are  discussed  separately.  However,  the 
most  desirable  solution  included  features  applicable  to  both  improvements,  and  this 
configuration  is  described  on  pages  161-164. 


Seal  Retention 


Most  of  the  laboratory  assemblies  of  the  threaded  connectors  had  been  maue  with 
the  connectors  in  a  horizontal  position,  and  with  one  flange  of  the  connector  relatively 
unattached.  In  this  assembly  mode  it  was  comparatively  easy  to  secure  the  loose 
Bobbin  seal  in  one  connector  flange  with  one  hand  while  the  unattached  connector  half 
was  brought  in  contact  with  the  seal  by  the  other  hand.  It  was  then  relatively  easy  to 
snug  the  nut  fingertight  while  the  connector  halves  were  kept  pressed  together.  Hun¬ 
dreds  of  such  assemblies  were  made  at  Battelle- Columbus  and  at  the  Rocket  Propulsion 
Laboratory  without  difficulty. 

As  the  AFRPL  threaded  connector  war  described  to  various  representatives  of 
industry  and  government,  an  increasing  number  of  comments  were  received  concern¬ 
ing  the  fact  that  many  field  assemblies  would  be  more  difficult  to  complete  than  the 
laboratory  assemblies.  Not  only  would  space  around  the  connector  often  be  limited, 
but  in  many  cases  the  connector  flanges  would  be  attached  to  rigid  or  heavy  components 
that  would  be  difficult  to  move.  In  such  installations,  it  would  usually  rot  be  possible 
to  hold  the  seal  in  one  flange  while  the  other  flange  was  brought  into  place.  With  both 
hands  being  used  to  move  or  support  the  flanges,  it  would  be  easy  to  jar  the  flange  con¬ 
taining  the  seal  sufficiently  to  dislocate  the  seal  from  the  seal  cavity.  Not  only  would 
this  be  a  nuisance,  but,  more  importantly,  the  sealing  surface  would  probably  be  dam¬ 
aged.  Thus,  practical  experience  indicated  a  need  for  snapping  the  sea!  in  place  in  one 
flange  prior  to  assembly  of  the  connector. 

Consideration  of  the  configuration  of  the  AP'RPL  connector  led  to  the  early  con¬ 
clusion  that  a  logical  means  of  retaining  the  seal  was  to  extend  one  of  the  flanges  to  en¬ 
close  most  of  the  Bobbin  seal.  The  space  between  the  seal  disks  could  then  be  used  for 
an  appropriate  element  to  bear  against  the  inside  diameter  of  the  flange  extension. 

Figure  93  is  a  simplified  drawing  of  this  basic  approach. 

Available  Space.  One  of  the  basic  parameters  was  the  space  available  for  the 
retention  action.  In  the  existing  specifications,  the  length  of  the  seal  disk  and  the 
length  of  the  seal  tang  were  the  same  for  the  3/8-,  1/2-,  3/4-,  and  1-inch  seals.  Thus, 
if  a  retention  configuration  could  be  found  to  work  within  these  dimensions,  the  same 
configuration  could  be  used  for  four  of  the  six  specified  seals,  and  few  changes  would 
be  required  in  the  specifications. 
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Extension  Spring 


FIGURE  93.  MODIFIED  FLANGE  AND  SEAL  WITH  SPRING 

After  working  with  thia  envelope,  it  became  apparent  that  sufficient  radial  space 
was  available,  but  that  the  axial  space  was  very  limited.  The  axial  limitation  stemmed 
primarily  from  the  relatively  large  movement  needed  to  seat  the  seal.  When  this  dis¬ 
tance,  with  its  tolerances,  was  added  to  a  0.015-inch  clearance  needed  between  the 
seated  flanges,  the  flange  extension  was  very  short,  and  the  end  of  the  flange  extension 
was  located  approximately  at  the  middle  of  the  unseated  seal.  This  meant  that  simple 
circular  retention  shapes  such  as  that  shown  in  Figure  93  were  unacceptable  and  that 
any  retention  device  located  on  the  seal  had  to  extend  to  both  sides  of  the  midpoint  be¬ 
tween  the  seal  disks. 

Friction  Retention.  In  one  approach,  seal  spring  clips  were  designed  to  be  pushed 
down  by  the  flange  extension  as  the  seal  was  pushed  into  the  flange  cavity.  By  exerting 
a  radial  force  against  the  ID  of  the  extension,  the  spring  clip  would  hold  the  seal  in  the 
cavity.  In  these  configurations,  the  extension  was  not  undercut  (see  Figure  93). 

With  the  proper  force  and  the  proper  surface  conditions  on  the  lip  and  the  spring 
clip,  the  seal  could  be  held  satisfactorily  by  this  design.  The  major  limitation  to  this 
concept  was  the  possible  variation  in  friction  between  the  flange  extension  and  the  clip. 

A  small  film  of  lubricant  on  the  clip  reduced  the  friction  to  the  point  where  the  seal 
could  be  easily  jarred  out.  It  was  believed  that  control  of  <  >  surface  conditions  of  the 

lip  and  clip  would  be  difficult,  A  second  problem  with  this  design  was  the  absence  of 
an  axial  force  tending  to  hold  the  seal  back  in  the  seal  cavity.  Thus  it  would  be  expected 
that  seals  would  be  only  partially  inserted  on  a  certain  percentage  of  connectors  and 
this  could  lead  to  improper  assembly  of  the  connectors. 

Snap-Action  Retention.  As  improved  seal- retention  methods  were  sought,  the 
following  features  were  identified  as  being  desirable: 

(1)  The  clip  should  be  easily  placed  on  a  completed  Bobbin  seal 

(2)  The  seal  (with  clip  attached)  should  be  easily  inserted  in  the  connector 
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(3)  The  clip  should  hold  the  seal  snugly  in  the  connector 

(4)  The  seal  and  clip  should  be  removable  by  hand  prior  to  assembly 
(this  may  be  desired  to  inspect  the  seal  and  the  se<*  1  r*vity) 

(5)  The  clip  should  not  interfere  with  proper  assembly  of  the  connector 

(6)  The  seated  seal  and  clip  should  be  easily  removed  from  the  con¬ 
nector  upon  disassembly  of  the  connector. 

The  snap-action  requirements  emphasized  the  short  axial  dimensions  available. 
One  requirement  was  that  the  flange  extension  had  to  be  undercut  to  provide  an  inden¬ 
tation  for  the  retention  device.  Second,  the  retention  device  had  to  have  a  cam  rise  on 
the  leading  edge  to  force  the  protrusions  down.  Finally,  the  retention  device  had  to 
have  a  reverse  cam  on  the  opposite  side  of  the  protrusion  so  the  seal  could  be  removed 
from  the  seal  cavity  by  hand. 

By  using  all  of  the  distance  between  the  inside  of  a  seal  disk  and  the  midpoint 
of  the  seal  (approximately  0.090  inch),  it  was  possible  to  accomplish  these  actions. 
However,  the  taper  of  the  seal  disk  was  found  to  limit  the  amount  of  radial  deflection 
available  for  inward  deflection  during  insertion  of  the  seal.  Thus,  in  the  final  design, 
as  shown  in  Figure  94,  the  flange  extension  was  given  a  fairly  sharp  lip,  and  the  pro¬ 
trusions  of  the  retention  device  were  made  to  extend  at  an  angle  from  the  main  support 
ring,  which  clamped  around  the  seal  tang. 


Misalignment  Limitation 

During  July  1967,  approximately  twenty  3 /4-inch  stainless  steel  AFRPL  unions 
were  installed  in  a  4000-psi  liquid-hydrogen  piping  system  at  the  Rocket  Propulsion 
Laboratory.  Despite  careful  assembly  of  the  connectors,  a  pressure  test  showed  that 
five  of  the  connectors  leaked  badly.  It  was  noted  that  the  leaking  connectors  were  no¬ 
ticeably  misaligned  prior  to  the  final  tightening.  Since  misalignment  conditions  can  be 
expected  in  most  tubing  and  piping  systems,  sample  parts  were  sent  to  Battelle- 
Columbus  to  determine  whether  misalignment  was  the  problem  and  whether  modifica¬ 
tion  of  the  connector  configuration  could  assure  satisfactory  assembly  despite  initial 
misalignment. 

After  an  extensive  examination  of  the  parts,  it  was  concluded  that  leakage  had 
occurred  because  of  two  basic  factors:  (1)  large,  initial  misalignment  angles,  and 
(2)  insufficient  radial  sealing  forces  in  the  seals.  The  radial  sealing  forces  are  dis¬ 
cussed  in  more  detail  in  a  subsequent  section.  The  large  misalignment  angles  seemed 
to  have  caused  leakage  for  one  of  three  reasons:  (1)  the  seal,  which  was  not  fully  en¬ 
closed  by  both  flange  cavities,  was  forced  initially  against  the  edge  of  a  connector 
flange,  damaging  the  seal  and  preventing  sealing  when  the  connector  was  loosened  and 
assembled  properly,  (2)  the  large  angles  and  high  moments  prevented  proper  seating  of 
the  seal  disks,  and  (3)  a  sealing  surface  of  the  seal  was  damaged  as  the  seal  slid  in  the 
flange  cavity  during  straightening  of  the  misaligned  flanges. 

Although  it  was  mutually  agreed  with  the  Project  Monitors  that  some  misalign¬ 
ment  had  to  be  tolerated  in  a  threaded  connector,  it  was  also  agreed  that  the  large 
angles  (up  to  7  degrees)  made  possible  by  the  dimensions  of  the  connector  were  too 
great  for  the  reliable  sealing  of  high -pres  sure  helium.  Therefore,  an  effort  was  under¬ 
taken  to  modify  the  connector  to  limit  the  amount  of  possible  misalignment, 
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Clip  touches  seal  tang 
at  three  paints 


r> 


Camming  hump 


a.  Spring  Clip 


b.  Retention  Flange 


c.  Modified  Nut 


FIGURE  94.  PARTS  TO  ACCOMPLISH  SEAL  RETENTION  AND 
MISALIGNMENT  LIMITATION 

Consideration  of  the  misalignment  problem  led  to  the  basic  decision  that  only 
minor  changes  in  the  connector  configuration  would  be  acceptable.  This  decision  was 
based  on  the  conviction  that  the  existing  fitting  was  simple  and  that  this  simplicity  was 
strongly  conducive  to  proper  use  of  the  fitting.  On  the  other  hand,  the  introduction  of 
more  complicated  connectors  in  the  past  by  industry  had  demonstrated  that  an  in¬ 
crease  in  the  number  of  connector  parts  or  an  increase  in  the  complexity  of  assembly 
could  override  the  advantages  that  the  added  features  were  designed  to  accomplish. 

Thus  it  was  decided  that  changes  designed  to  limit  misalignment  would  be  limited  to 
changes  in  the  existing  parts. 

It  was  apparent  that  improper  assembly  due  to  misalignment  was  possible  in  the 
connector  because  the  nut  could  be  engaged  with  the  threaded  flange  even  though  the 
plain  flange  was  turned  at  a  large  angle  to  the  nut.  This  assembly  angle  was  possible 
because  of  two  dimensional  relationships:  (1)  the  clearance  between  the  ID  of  the  nut 
flange  and  the  shoulder  of  the  plain  flange  and  (2)  the  clearance  between  the  OD  of  the 
plain  flange  and  the  ID  of  the  nut  barrel.  Thus,  the  general  method  selected  to  limit 
the  misalignment  angle  of  the  threaded  connector  was  to  reduce  the  clearances  for  these 
dimensional  relationships. 
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Although  this  concept  was  effective  in  reducing  the  angle  of  misalignment  at 
which  the  connector  could  be  assembled,  it  was  still  possible  for  the  seal  cavities  in 
the  two  flanges  to  become  sufficiently  misaligned  that  the  seal  would  not  always  be 
guided  into  the  opposing  seal  cavity.  Consideration  of  this  problem  produced  the  concept 
of  using  the  threads  on  the  nut  to  position  the  plain  flange.  In  this  way,  engagement  of 
the  nut  with  the  threaded  flange  would  automatically  align  the  plain  flange  with  the 
threaded  flange. 

This  guidance  was  believed  to  be  most  easily  accomplished  by  locating  the  flange 
extension  for  seal  retention  on  the  plain  flange.  Then,  by  extending  the  threads  deeper 
into  the  nut  (to  enclose  the  Bobbin  seal  in  the  assembled  connector)  the  nut  threads 
could  be  used  to  enclose  the  OD  of  the  plain  flange  extension.  This  configuration  is  de¬ 
scribed  more  fully  below. 


Selected  Design  for  Seal  Retention  and 
Misalignment  Limitation 

Figure  94  shows  the  configuration  of  the  spring  clip,  the  modified  plain  flange, 
and  the  modified  nut  selected  to  accomplish  seal  retention  and  misalignment  limitation. 
Figure  95  shows  the  four  major  stages  of  assembly  of  the  connector.  The  modification 
of  the  parts,  the  assembly  steps,  and  the  evaluation  of  the  configuration  are  discussed 
below. 


Step  I.  Spring  Clip  Placed  on  Bobbin 
Seal 
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Step  2.  5 
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Snapped 

Seal-Clip  Assembly 

into  Retention  Flange 


Step  3.  Nut  Threaded  Past  Inter¬ 
rupted  Thread 


Step  4.  Nut  Threaded  onto  Other  Flange, 
Tightened  with  Proper  Torque 


FIGURE  95.  ASSEMBLY  STEPS  OF  MODIFIED  CONNECTOR 
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Spring  Clip.  As  shown  in  Figure  94,  the  spring  clip  consisted  of  a  C-shaped 
spring  made  from  flat  spring  stock  that  was  snapped  over  the  seal  tang.  Two  humps 
were  formed,  one  near  each  end  of  the  "C".  These  humps  protruded  outward  beyond 
the  seal  disk  diameter.  The  humps  were  offset  from  the  rest  of  the  material  so  the 
major  part  of  the  clip  was  in  line  with  the  tang,  but  the  humps  were  displaced  slightly  in 
the  axial  direction.  This  allowed  the  humps  to  snap  under  the  flange  extension  lip.  The 
radii  of  the  humps  provided  the  entrance  camming  action  and  the  exit  camming  action. 

By  having  the  clip  touch  the  tang  circumference  only  at  the  ends  of  the  "C"  and  at  the 
middle  of  the  "C",  the  clip  could  deflect  radially,  thus  providing  a  radial  spring  force. 
By  making  the  width  of  the  material  touching  the  tang  the  exact  width  of  the  tang,  the  clip 
provided  good  axial  rigidity  for  the  seal.  The  major  limitation  of  the  design  was  the  fact 
that  the  clip  would  snap  in  place  in  the  flange  extension  only  if  the  humps  were  slanted 
toward  the  flange  cavity.  However,  when  the  seal  was  reversed  there  was  no  snapping 
action,  and  the  looseness  of  the  seal  was  believed  to  be  sufficient  evidence  that  the  seal 
was  not  properly  installed. 

Considerable  time  was  required  to  develop  a  procedure  for  fabricating  the  spring 
clips.  The  final  process  consisted  of  the  following  steps: 

(1)  Layout  and  cut  1  /8-inch  strips  of  spring  steel 

(2)  Layout  dimples 

(3)  Form  dimples  on  first  die 

(4)  Finish-form  dimples  on  second  die 

(5)  Grind  off  stack  to  make  offset  dimple  and  reduce  ring  width 
on  bench  grinder 

(6)  Form  ring  around  mandrel 

(7)  Secure  clips  to  heat-treating  mandrel 

(8)  Heat-treat  and  draw 

(9)  Finish  fit  to  seal. 

Plain  Flange.  Most  of  the  connector  modifications  were  limited  to  the  plain 
flange.  Because  the  plain  flange  was  also  equipped  with  threads,  the  modified  flange 
was  entitled  the  retention  flange.  The  modifications  to  the  plain  flange  and  their  purpose 
are  discussed  briefly  below. 

(1)  The  plain  flange  lip  was  extended,  and  an  undercut  was  provided 
on  the  ID  of  the  extension  for  the  spring  clip. 

(2)  A  hub  was  added  to  the  tube  portion  of  the  plain  flange  to  provide 
a  closer  fit  with  the  ID  of  the  nut  flange. 

(3)  An  external  thread,  identical  to  the  thread  on  the  threaded  flange, 
was  added  to  the  OD  of  the  plain  flange,  excluding  the  flange 
extension.  By  threading  the  nut  over  and  past  this  interrupted 
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thread,  the  nut  provided  protection  for  the  exposed  disk  of  the 
retained  seal  prior  to  assembly  of  the  connector. 

Nut.  The  nut  remained  unchanged  except  that  the  threads  were  extended  deeper 
into  the  nut  to  provide  guidance  for  the  OD  of  the  plain  flange  extension. 

Connector  Assembly.  The  major  assembly  steps  of  the  modified  connector  are  as 
follows : 

(1)  Snap  the  seal  into  the  retention  flange 

(2)  Thread  the  nut  completely  over  the  interrupted  threads  on  the 
retention  flange 

(3)  Engage  the  nut  with  the  threaded  flange,  using  the  fingers  to 
thread  the  nut  as  far  as  possible 

(4)  Tighten  the  nut  slowly  to  the  required  torque. 

Note.  When  the  nut  is  loosened,  it  first  encounters  the  interrupted  thread  on  the 
retention  flange.  It  is  necessary  to  turn  che  nut  slowly  while  the  retention  flange  is 
pushed  away  from  the  threaded  flange.  When  the  nut  threads  engage  the  interrupted 
threads,  the  nut  can  then  be  removed  qu  ckly. 

Modified  Connector  Evaluation.  Five  3/4-inch  retention  flanges  and  modified  nuts 
were  fabricated  and  a  number  of  spring  Clips  were  made.  Three  connectors  were  for¬ 
warded  to  the  Rocket  Propulsion  Laboratory  for  evaluation,  and  two  connectors  were  re¬ 
tained  for  evaluation  at  Battelle-Columbus,  The  results  of  these  evaluations  are 
discussed  briefly. 

One  of  the  major  questions  about  the  configuration  was  the  ability  of  the  nut  thread 
to  exert  a  thrust  against  the  interrupted  thread  ae  the  fitting  was  disassembled.  Although 
the  primary  purpose  of  threads  is  to  exert  high  axial  loads,  the  specific  function  re¬ 
quired  in  the  design  was  believed  to  be  unusual,  if  not  unique.  As  a  preliminary  evalua¬ 
tion  of  this  action,  a  threaded  flange  was  clamped  vertically  in  a  vise.  A  nut  was 
threaded  past  the  interrupted  threads  on  a  retention  flange  and  the  nut  was  then  threaded 
on  the  threaded  flange,  with  the  tubular  portion  of  the  retention  flange  extending  upward. 
Weights  up  to  100  pounds  were  placed  on  top  of  the  tube  of  the  retention  flange,  and  the 
nut  was  used  to  raise  the  weights  by  creating  thrust  against  the  leading  threads  of  the  re¬ 
tention  flange.  The  ease  with  which  the  weights  were  raised  indicated  that  the  necessary 
axial  force  could  be  supplied  to  separate  the  flanges  of  an  assembled  fitting  to  the  point 
that  the  nut  would  engage  the  threads  of  the  retention  flange. 

The  evaluation  of  the  spring  clips  was  not  as  promising.  Although  some  of  the 
clips  worked  satisfactorily,  it  was  apparent  that  the  camming  action  was  influenced  sub¬ 
stantially  by  small  changes  in  the  dimensions  of  the  clips  and  of  the  inside  disk  root  radii 
and  tang  length.  It  would  be  expected  that  properly  made  dies  would  alleviate  much  of 
the  dimensional  variation  in  the  Bpring  clips.  However,  it  appeared  that  the  production 
costs  required  to  control  the  related  dimensions  of  the  spring  clips  and  of  the  seal  could 
increase  the  cost  of  the  seal/ spring-clip  assembly  as  much  as  50  percent  over  the  cost 
of  the  basic  seal. 
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Even  more  problems  were  encountered  in  the  evaluation  of  the  misalignment  limi¬ 
tation  features.  The  interrupted  threads  on  the  modified  flange  were  subject  to  seizure 
because  of  galling,  contamination,  and  peening  from  the  nut.  An  almost  insurmountable 
problem  developed  because  of  the  relatively  close  fit  between  the  outside  circumference 
of  the  seal  disks  and  the  inside  surface  of  the  lip  of  each  flange  seal  cavity.  Thus, 
even  with  the  initial  misalignment  limited  to  1  degree  by  the  tolerance  between  the  nut 
and  the  modified  flange,  the  edge  of  the  seal  disk  extending  from  the  retention  flange  was 
not  automatically  piloted  into  the  seal  cavity  of  the  threaded  flange  by  the  tightening  of 
the  nut.  Under  these  conditions,  it  would  be  expected  that  a  number  of  seal  disks  would 
be  damaged  through  contact  with  the  edge  of  the  flange  cavity  lip,  preventing  proper 
sealing  action. 

Conclusions  and  Recommendations.  It  was  concluded  that  neither  the  spring  clip 
nor  the  modifications  to  limit  misalignment  during  assembly  were  practical.  Two 
courses  of  future  action  are  recommended.  First,  work  should  be  done  on  a  tool  to 
preset  the  seal  in  either  the  plain  flange  or  the  threaded  flange  as  a  means  of  retaining 
the  seal.  Some  thought  has  been  given  to  this  approach  during  the  preparation  of  the  re¬ 
port  and  it  appears  promising.  Second,  it  is  recommended  that  the  assembly  procedure 
for  AFRPL  connectors  require  that  all  parts  be  sufficiently  loose  initially  that  the  pre¬ 
seated  seal  can  be  placed  by  hand  into  the  opposing  seal  cavity  and  the  nut  made  finger- 
tight.  The  proper  preload  would  then  be  applied.  The  degree  of  misalignment  possible 
in  this  procedure  would  be  limited  by  the  depth  of  the  seal  cavity. 


Increased  Radial  Seal  Loading 


Starting  in  1967,  a  growing  amount  of  evidence  was  obtained  that  the  radial  sealing 
loads  in  the  3/4-  and  1-inch,  4000-psi  stainless  steel  seals  and  in  certain  flanged  con¬ 
nector  seals  were  not  sufficiently  high  to  insure  reliable  sealing  on  assembly.  The 
work  in  this  area  increased  as  the  extent  of  the  problem  became  better  known,  until,  in 
the  last  months  of  the  program,  the  increase  in  radial  sealing  loads  for  selected 
threaded  and  flanged  connectors  was  defined  as  a  major  area  requiring  additional  theo¬ 
retical  and  laboratory  effort. 

Although  the  answer  to  this  problem  cannot  be  presented  in  this  report,  it  is  be¬ 
lieved  advisable  to  record  a  relatively  systematic  description  of  the  problem  with  the 
threaded  connectors,  of  the  work  conducted  so  far,  and  of  the  most  promising  avenues 
for  solution.  It  is  hoped  that  this  record  will  serve  as  a  helpful  reference  during  any 
future  work.  The  pertinent  information  for  flanged  connector  seals  has  been  included  in 
earlier  report  sections. 

The  record  is  presented  in  the  following  major  sections:  (1)  theoretical  back¬ 
ground,  (2)  developmental  background,  (3)  qualification  tests  at  Battelle-Columbus, 

(4)  qualification  tests  at  the  Rocket  Propulsion  Laboratory,  (5)  test  installation  at  the 
Rocket  Propulsion  Laboratory,  (6)  seal  investigations  at  the  Rocket  Propulsion 
Laboratory,  (7)  seal  investigations  at  Battelle-Columbus,  (8)  candidate  materials  and 
configurations,  and  (9)  recommended  future  activities. 
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Theoretical  Background 


The  theoretical  background  to  the  problem  is  discussed  in  four  categories: 

(1)  forces  required  to  seal  helium,  (2)  the  Bobbin  seal  configuration,  (3)  seal  material 
selection,  and  (4)  seal  design. 

Forces  Required  to  Seal  Helium.  Extensive  work  has  been  done  by  the  1IT 
Research  Institute!^,  17)  and  by  the  General  Electric  Advanced  Technology  Labora¬ 
tories!  1®)  on  the  forces  required  between  two  metal  surfaces  to  seal  helium  to  approxi¬ 
mately  2  x  10-7  atm  cc/sec  per  linear  inch  of  seal  (the  maximum  leakage  specified  for 
the  Air  Force  separable  connectors).  Although  the  relationships  developed  for  the  dif¬ 
ferent  parameters  are  somewhat  complex,  in  general  it  was  shown  by  both  facilities 
that  the  force  between  two  metals  with  fairly  smooth  surfaces  (»16  rms)  must  be  from 
2  to  3  times  the  yield  strength  of  the  softer  material  to  achieve  low  helium  leakage. 

The  step-by-step  application  of  the  IITRI  analysis  procedure  to  a  separable  connector 
is  described  on  pages  143-148  cf  a  final  report  on  threaded  connectors^^. 

Although  the  work  by  IITRI  and  General  Electric  showed  that  random  surface  con¬ 
ditions  had  a  significant  effect  on  the  actual  leakage  exhibited  by  two  metal  surfaces, 
neither  facility  developed  design  guidelines  to  overcome  these  occurrences.  On  the 
basis  of  previous  work  with  many  kinds  of  static  seals,  and  keeping  in  mind  the  high 
forces  needed  to  yield  metallic  surfaces,  project  personnel  at  Battelle -Columbuc  se¬ 
lected  an  0.  020-inch-wide  sealing  surface  as  being  optimum  for  the  AFRPL  threaded 
and  flanged  connectors.  Extensive  experience  at  many  facilities  has  shown  that  metal 
sealing  surfaces  approximately  0.  005  inch  wide  (a  width  commonly  found  in  high- 
performance  aerospace  valves)  encounters  many  leakage  problems  because  of  damage 
and  contamination.  On  the  other  hand,  the  0.  060-inch-wide  sealing  surfaces  found  in 
relatively  dependable  O-ring  installations  would  require  excessive  force  in  a  metal-to- 
metal  seal.  Thus,  the  0.  02  0-inch-wide  surface  (which  is  found  in  many  installations 
using  small  O-rings)  was  a  judgmental  selection  between  two  extremes.  As  an  example, 
for  a  soft  nickel  plating  with  a  yield  strength  of  about  10,  000  psi,  the  force  on  an  0.  020- 
inch-wide  sealing  surface  would  be  600  lb/in.  to  obtain  a  pressure  equal  to  3  times  the 
yield  strength  of  the  nickel. 

Bobbin  Seal  Configuration.  The  development  of  the  Bobbin  seal  configuration  has 
been  described  in  detail  in  two  reports! 1 9,  20 )>  and  the  principles  of  the  sealing  action 
are  summarized  on  pages  4  and  5  of  this  report.  Two  features  of  the  seal  are  of  par¬ 
ticular  interest  to  this  discussion:  (1)  the  toggle  action  of  the  seal  disks  and  (2)  the 
yielding  of  the  seal  material  during  assembly. 

The  toggle  action  of  the  seal  disks  was  developed  as  a  means  of  amplifying  the 
axial  force  to  attain  a  higher  radial  sealing  force.  As  noted  above,  it  was  realized  that 
high  sealing  forces  would  be  required.  By  keeping  the  axial  force  to  a  minimum,  the 
size  and  weight  of  the  threaded  fittings  would  be  kept  to  a  minimum.  In  practice,  the 
toggle  action  of  the  seal  disks  produced  a  radial  sealing  force  approximately  twice  the 
axial  seal  seating  force.  Although  this  waa  very  desirable,  the  mechanical  advantage  of 
the  toggle  action,  and  the  sensitivity  of  toggle  angle  to  initial  diametral  tolerances  be¬ 
tween  the  seal  and  the  seal  cavity  made  it  difficult  to  determine  the  radial  sealing  force 
accurately  from  a  measured  axial  seating  force. 

The  yielding  of  the  seal  structure  was  included  in  the  seal  design  as  a  means  of 
limiting  the  sealing  forces  that  could  be  developed  by  dimensional  variations  in  produc¬ 
tion  parts.  While  this  objective  was  accomplished  to  a  certain  degree,  the  actual  effect 
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on  the  radial  sealing  forces  of  differences  in  tne  seal  dimensions  and  differences  in 
the  material  yield  strength  were  much  greater  t)  an  had  been  anticipated. 

Seal  Material  Selection.  Although  considerable  thought  was  given  to  the  selec¬ 
tion  of  material  for  the  structure  of  the  threaded  fitting ^ >  20) >  the  selection  of  aus¬ 
tenitic  stainless  steel  for  the  connector  flanges  resulted  in  the  rather  automatic  selection 
of  annealed  austenitic  stainless  steel  for  the  se<  1.  in  appreciable  amount  of  effort  was 
spent  in  selecting  the  best  plating  for  the  seal,  ano  this  work  was  amplified  for  the 
flanged  connector  seals  (seepages  5-7).  Nickel  and  gold  plating  were  selected  initially, 
and  this  selection  was  verified  in  the  later  effort. 

When  no  apparent  problems  developed  with  the  austenitic  stainless  steel  seals 
during  the  development  work,  the  specifications  were  bo.sed  on  this  material.  Thus, 
when  the  need  arose  for  an  increase  in  radial  sealing  force,  two  problems  existed: 

(1)  the  problem  of  achieving  increased  strength  within  the  specification  dimensions,  and 

(2)  a  lack  of  information  concerning  candidate  seal  materials  ot  aer  than  annealed  aus¬ 
tenitic  stainless  steel.  The  work  on  these  problems  is  described  in  detail  subsequently. 

Seal  Design.  At  one  time  an  attempt  was  made  to  develop  an  exact  procedure 
for  designing  Bobbin  seals.  This  was  not  successful  because  of  the  complex  combina¬ 
tion  of  elastic  and  plastic  strains  that  were  developed  in  the  seal.  An  approximate  de¬ 
sign  procedure  was  then  developed,  and  seal  design  nomographs  were  developed  for 
threaded  seals  using  this  procedure  and  experimental  data.  Essentially,  this  cal¬ 

culation  procedure  was  based  on  the  concept  that  the  seal  tang  developed  compressive, 
plastic  strains  and  that  the  radial  sealing  force  was  developed  by  the  force  needed  to 
compress  the  seal  tang. 

As  work  was  continued  on  Contract  AF  04( 6 1 1 ) -  1 1 204,  it  became  increasingly 
apparent  that  this  design  procedure  was  not  sufficiently  accurate  for  small  seals.  It 
appeared  that  the  basic  reason  for  inaccuracy  was  that  the  material  in  the  seal  disks 
made  a  significant  contribution  to  the  radial  sealing  force  in  the  small  seals. 

A  new  design  procedure  was  then  developed  which  included  the  material  in  the 
seal  disks  as  well  as  the  material  in  the  seal  tang.  Although  the  calculation  was  still 
an  approximation,  the  results  of  the  revised  procedure  agreed  much  more  closely  with 
the  experimental  results  for  threaded  seals,  and  it  was  judged  to  be  acceptable  for 
large  as  well  as  small  seals.  The  revised  seal-design  procedure  is  described  below. 

For  simplicity,  the  assembled  seal  disk  was  assumed  to  be  a  completely  flat¬ 
tened  cone  with  forces  and  dimensions  according  to  Figure  95. 
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FIGURE  96.  SEAL  DISK  STRESS  MODEL 
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Fg  =  radial  seal  force  per  inch  of  seal  disk  circumference,  lb/in. 

Fj  =  radial  force  per  inch  of  seal  tang  outside  diameter  at  the  root  of 
each  seal  disk,  lb/in. 

D0  =  seal  disk  outside  diameter,  in. 

De  =  seal  tang  outside  diameter,  in. 

LT  =  seal  disk  thickness,  in. 


The  forces  and  dimensions  for  the  seal  tang  model  are  shown  in  Figure  97. 
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FIGURE  97.  SEAL  TANG  STRESS  MODEL 
=  seal  tang  inside  diameter,  in. 

L  =  tang  length,  in. 
t  =  tang  thickness,  in. 

On  the  basis  of  the  elastic  stress/strain  theory  for  thick-walled  cylinder s^ ^ , 
circumferential  stress  is  related  to  pressure  as  follows: 


+  PiaZ  ~  Pofa2 
bZ  -  aZ 

whe  re 

=  circumferential  stress,  psi 
a  =  inner  cylinder  radius,  in. 
b  =  outer  cylinder  radius,  in. 
pt  =  internal  pressure,  psi 
Po  =  external  pressure,  psi 
r  =  radial  location  of  stress,  in. 
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Considering  the  seal  disk  first,  if  the  circumferential  stress  at  De  equals  the 
yield  strength  of  the  material,  the  radial  seal  force  increment  contributed  by  the  seal 
disk  is: 


where 


AFS 


<Dq2  -  De2)  x  LT 


(24) 


r  =  a  =  De  /  2 

Sy  =  yield  strength  of  seal  material,  psi 
00  =  Sy 

A  Fg  =  radial  seal  force  increment  contributed  by  the  seal  disk,  lb/in. 
b  «  D0/2. 

Similarly,  the  radial  seal  force  increment  contributed  to  each  seal  disk  by  the 
tang  was  calculated: 


aft  =Sy 
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where 


AFt  =  radial  seal  force  increment  contributed  to  each  seal  disk  by  the  tang, 
lb/ in. 

r  =  a  =  Dt/2 
b  =De/2  . 

It  was  assumed  {’  at  the  radial  force  at  the  inside  diameter  of  the  seal  disk  was 
distributed  radially  to  the  sealing  surface.  Thus: 


rs=AFs  +  4FTI‘~ -  •  (26> 

The  foregoing  calculations  were  baaed  on  limits  from  idealized  elastic  seal 
elements.  Examinations  of  the  dimensions  of  typical  seals  showed  that  sufficient  radial 
compression  existed  to  create  plastic  deformation  at  the  inside  diameter  of  the  seal 
disks  and  in  the  seal  tang.  Using  plastic  theory*2)  for  the  seal  tang,  the  seal  tang  radial 
force  contribution  was  calculated; 
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and  then 


aftp  . 
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Developmental  Background 

The  development  of  low-leakage  threaded  connectors  began  in  early  1962  The 
major  steps  of  each  contractual  effort  are  summarized  on  pages  1  and  2  of  this  report. 

Of  primary  importance  to  this  discussion  is  the  fact  that  little  difficulty  was  experienced 
with  the  performance  of  nickel  -plated ,  stainless  steel  Bobbin  seals  during  the  two  major 
contracts  on  the  development  of  threaded  fittings.  Thus,  instead  of  exploring  the  per¬ 
formance  characteristics  of  the  Bobbin  seal  in  detail,  the  majority  of  the  work  was  con¬ 
cerned  with  designing,  fabricating,  and  testing  different  types  of  connectors  for 
aluminum  as  well  as  stainless  tubing  systems. 

In  fact,  the  performance  of  aluminum  Bobbin  seals  was  in  need  of  significant 
work  in  1966,  at  the  start  of  Contract  No.  AF  04(61  1 )- 1 1204,  and  Phase  I  of  this  con¬ 
tract  was  established  to  complete  that  development.  An  excellent  solution  was  found  to 
this  problem  by  the  use  of  overaged  6061-T6^^). 

The  work  under  Contract  No.  AF  04(61 1)-9578(  19)  to  develop  specifications  for 
stainless  steel  Bobbin  seals  consisted  of  testing  several  3/8-  and  3/4-inch  seals  made 
to  dimensions  based  on  the  original  calculations  (see  page  14).  In  the  first  series  of 
seals  tested,  five  3/8-inch  and  five  3/4-inch  seals  were  made  of  Type  309  CRES.  Al¬ 
though  leak  tests  with  these  seals  were  very  good,  the  disks  did  not  deform  properly. 

In  a  second  series  of  tests,  four  3/8-inch  seals  and  four  3/4-inch  seals  were  made  with 
variations  in  selected  dimensions.  These  tests  were  used  to  determine  satisfactory 
tang  thicknesses  and  disk  thickness.  In  a  third  series  of  tests,  four  3/8-inch  seals  were 
made  to  the  selected  dimensions  and  leak  tested.  Although  the  widths  of  the  coined 
sealing  surfaces  were  less  than  the  optimum  0.  020  inch,  the  sealing  results  were  very 
good,  and  the  radial  loads,  as  estimated  from  the  measured  axial  loads,  were  twice  as 
high  as  required.  As  described  in  detail  in  the  final  report  *9)f  the  design  equations 
then  were  modified  on  the  basis  of  the  experimental  data,  and  a  seal  design  nomograph 
was  developed  incorporating  these  changes.  (A  nomograph  was  also  developed  for 
aluminum  threaded  connector  seals  )  Seals  were  then  designed  for  six  tubing  sizes. 
Table  58  shows  the  dimensions  of  these  seals  and  the  maximum  axial  loads  required  to 
seat  sample  seals  made  to  these  dimensions  from  Type  310  stainless  steel. 

It  should  be  noted  that  radial  sealing  loads  had  not  been  measured  for  some  time 
because  the  technique  used  v/as  expensive.  Instead,  on  the  basis  of  early  seal  load 
tests,  it  was  assumed  that  the  radial  sealing  load  was  twice  the  axial  seal  seating  load. 

It  can  be  seen  from  Table  58  that  the  final  stainless  steel  seals  were  thought  to  provide 
radial  sealing  loads  from  about  1150  lb/in,  to  about  1350  lb/in. 
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TABl.F  58.  MEASURED  DIMENSIONS,  COMPUTED  AND  EXPERIMENTAL  VALUES 
FOR  AXIAL  FORCE  FOR  TYPE  310  CRES  BOBBIN  SEALS 


Tube 

Size, 

in. 

inside 

Tang 

Radius, 

ri 

Tang 

Thickness, 

t 

Outside 

Tang 

Radius, 

re 

Outside 

Disk 

Radius, 

t 

0 

Tang 

Length, 

L 

Seal  Disk 
Thickness, 

LT 

Minimum 

Axial  Seal 
Seating 
Load, 

PA.  lb 

PA  P« 

In.  of  Seal 
Circumference, 
lb /In. 

1/8 

0.050 

0.036 

0.  086 

o.  m 

0.  095 

0.021 

665 

620 

1/4 

0.095 

0.043 

0. 138 

0.222 

0. 120 

0.030 

950 

680 

3/8 

0.  146 

0.049 

0. 194 

0.218 

0. 150 

0.026 

1215 

683 

1/2 

0.  191 

0.053 

0.244 

0.329 

0.  150 

0.026 

1388 

662 

3/4 

0.286 

0.069 

0.355 

0.440 

0.  150 

0.026 

1595 

512 

1 

0.312 

0.089 

0.461 

0.546 

0. 150 

0.026 

2030 

586 

For  a  sealing  surface  width  of  0.020  inch,  these  forces  provided  sealing  pres¬ 
sures  from  57,  500  psi  to  67,  500  psi.  By  using  soft  nickel  plating  with  a  yield  stress  of 
about  10,000  psi,  it  was  concluded  that  the  seals  would  provide  a  sealing  force  equal  to 
approximately  six  times  the  yield  strength  of  the  softer  material.  Thus  the  seals  ap¬ 
peared  to  provide  ample  sealing  force,  and  the  specifications  for  the  connectors  were 
prepared,  incorporating  these  dimensions.  Figure  90  shows  the  final  seal  specifica¬ 
tions  that  were  issued,  on  the  basis  of  this  work. 

Qualification  Tests  at  Battelle -Columbus 


Qualification  tests  of  representative  connectors  were  conducted  at  Battelle- 
Columbus  as  a  part  of  Contract  AF  04(6  1 1 J-9578.  A  total  of  twenty-eight  4000-psi 
stainless  steel  connectors  (20  unions,  4  elbows,  and  4  tees)  successfully  withstood  the 
qualification  tests  with  maximum  helium  leakage  never  exceeding  3.  9  x  10-7  atm  cc/sec 
per  inch  of  seal  circumference.  This  represented  a  total  of  41  seals  successfully 
tested.  On  two  occasions  excessive  leakage  occurred,  once  owing  to  human  error  and 
once  when  an  insufficient  preload  was  developed. 

A  statistical  summary  was  prepared  using  the  maximum  leakage  measured  for 
each  seal.  When  the  data  were  normalized  on  the  basis  of  the  logarithmic  equivalent  of 
the  leakage  rate,  it  was  found  that  the  data  approximated  a  normal  distribution.  The 
mean  recorded  maximum  leakage  was  2,6  x  10*8  atm  cc/sec  of  helium  per  inch  of  seal 
circumference. 

Qualification  Tests  at  the  Rocket 
Propulsion  Laboratory 

Concurrently  with  Contract  AF  04(6  1  1 )- 1 1204,  the  Rocket  Propulsion  Laboratory 
prepared  final  specifications  for  the  4000-psi  stainless  steel  connectors,  and  purchased 
a  number  of  connector  components  from  Scientific  Advances,  Inc.  ,  (SAI)  in  Columbus, 
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Ohio.  Qualification  tests  similar  to  those  conducted  at  Battelle -Columbus  were  con¬ 
ducted  at  the  Rocket  Propulsion  Laboratory.  Although  these  test  data  were  not  com¬ 
pletely  summarized,  the  results,  in  substance,  duplicated  the  results  obtained  at 
Battelle  -  Columbus. 

Test  Installation  at  the  Rocket 
Propulsion  Laboratory 

As  described  previously,  twenty  3/4-inch,  4000-psi  AFRPL  stainless  steel 
unions  were  installed  in  a  liquid-hydrogen  system  at  the  Rocket  Propulsion  Laboratory. 
Five  of  these  connectors  leaked  badly.  Three  of  the  connectors  and  two  seals  were  sent 
to  Battelle-Columbu8  for  examination. 

The  separate  seals  were  examined  first.  The  disks  appeared  to  have  been  fully 
deflected,  the  tang  had  apparently  been  satisfactorily  yielded,  and  a  seal  seating  sur¬ 
face  approximately  0.  010  inch  wide  was  visible  on  the  four  sealing  disks.  Under  a 
medium-power  microscope,  the  sealing  surface  of  one  disk  was  seen  to  have  a  pro¬ 
nounced  ridge  where  the  seal  had  apparently  been  pressed  against  the  edge  of  the  flange 
cavity  during  an  improper  partial  assembly  prior  to  final  assembly.  The  ridge  was  suf¬ 
ficiently  large  that  the  seal  could  not  have  sealed  properly  even  in  an  aligned  connector. 
The  other  seal  showed  no  obvious  cause  of  leakage.  The  only  visible  differences  be¬ 
tween  this  seal  and  seals  from  past  Battelle  work  were  (1)  tool  marks  were  visible  in 
the  nickel  plating,  indicating  that  the  surface  finish  of  the  machined  seals  was  rougher 
than  Battelle' s  seals  had  been,  and  (2)  the  nickel  on  the  yielded  surfaces  had  a  mat  fin¬ 
ish,  while  past  Battelle  seals  showed  a  very  shiny  surface  where  the  nickel  was  yielded. 

The  absence  of  structural  abnormalities  in  the  separate  seals  indicated  that  it  was 
necessary  to  examine  the  sealing  surfaces  at  the  source  of  leakage  in  the  three  connec¬ 
tors.  To  find  the  leaks  in  these  connectors,  three  corners  of  the  hex  nuts  of  each  con¬ 
nector  were  machined  away.  This  exposed  the  outBide  of  the  seals  but  left  the 
connectors  held  together  by  the  three  remaining  nut  corners.  An  O-ring-sealed  plug 
was  made  to  fit  inside  the  connectors,  and  the  inside  of  each  connector  was  pressurized 
with  helium.  Soap  solution  was  used  to  locate  the  sources  of  leakage. 

The  three  connectors  were  then  cut  in  half  so  that  each  connector  half  was  still 
held  together  by  1-1/2  corners  of  the  nuts.  The  connectors  were  cut  so  the  leak  was 
contained  in  one  half.  This  half  was  then  separated  so  the  sealing  surfaces  at  the  leak 
could  be  examined.  The  other  half  was  encapsulated,  polished,  and  etched  so  the  cross 
sections  of  the  assembled  connectors  could  be  examined  and  the  hardnesses  of  the  nickel 
plating  could  be  measured. 

An  examination  of  the  leakage  area  in  one  connector  showed  that  the  edge  of  the 
flange  cavity  had  been  nicked  by  a  sharp  object,  causing  a  peened,  inward  protrusion  of 
the  metal.  This  protrusion  scratched  the  nickel  plating  on  the  sealing  surface  during 
assembly  of  the  seal.  It  was  believed  that  this  seal  could  not  have  sealed  satisfactorily 
even  if  the  connector  had  been  aligned. 

The  other  two  connectors  showed  no  obvious  cause  of  leakage.  The  general  ap¬ 
pearance  of  the  seals  was  identical  to  that  of  the  separate  seals.  The  surfaces  of  the 
flange  cavity  did  not  exhibit  abnormalities,  although  it  appeared  that  the  seals  had  not 
pressed  as  tightly  against  the  flange  surface  in  the  general  area  of  leakage  as  they  had 


against  other  areas  and  against  the  flange  which  did  not  show  a  leak.  Although  the  disk 
edges  in  one  connector  showed  a  somewhat  different  type  of  deformation,  in  general  it 
was  concluded  that  the  seal  structures  had  deformed  normally.  The  coined  sealing  sur¬ 
faces  were  approximately  0.  010  inch  wide. 

Unfortunately,  Battelle's  seals  that  were  made  to  the  same  dimensions  as  the 
leaking  seals  had  been  discarded  or  were  assembled  in  connectors  on  test.  However,  it 
was  possible  to  find  seals  made  of  stainless  steel  and  Rene  41  from  earlier  research. 
The  shiny  appearance  of  the  sealing  surfaces  on  the  Battelle  seals  indicated  that  the 
nickel  had  yielded  more  than  was  indicated  by  the  mat  sealing  surface  of  the  leaking 
seals.  It  was  suspected  that  the  plating  of  the  leaking  seals  might  be  too  hard.  How¬ 
ever,  hardness  readings  showed  that  the  hardness  of  the  plating  on  the  leaking  seals  was 
within  specifications  and  compared  with  the  hardness  readings  taken  on  a  cross- 
sectioned  Rene  41  seal. 

Consideration  was  then  given  to  the  possibility  that  the  seal  was  not  providing  suf¬ 
ficient  resistance  to  yielding.  This  could  have  been  caused  by  the  material  in  the  seals 
having  a  low  yield  strength,  or  by  interaction  between  the  two  sides  of  the  seal.  Thus, 
if  one  disk  grossly  yielded  the  seal  structure,  this  might  have  significantly  reduced  the 
resistance  to  yielding  in  the  other  disk-tang  area. 

Scientific  Advances,  Inc.  had  made  tensile  specimens  from  the  material  used  for 
the  seal.  The  company  records  showed  that  the  yield  strength  of  the  material  in  the 
3 /4-inch  seals  was  approximately  3  5,  000  psi.  This  was  within  the  specifications  and 
compared  favorably  with  the  yield  strength  of  the  Type  310  stainless  steel  seals  of  the 
same  dimensions  tested  at  Battelle-Columbus. 

However,  the  differeice  in  appearance  of  the  nickel  between  the  leaking  seals  and 
Battelle's  past  seals  had  nm  been  explained.  Battelle's  Laboratory  Record  books  and 
reports  for  all  of  the  work  on  stainless  steel  seals  were  reviewed.  Two  aspects  of  the 
past  work  seemed  to  be  pertinent. 

First,  it  appeared  that  higher  radial  sealing  pressures  had  probably  been  attained 
during  the  early  research  on  separable  connectors.  It  was  not  possible  to  compare  the 
values  directly  because  so  many  different  seal  dimensions  had  been  used,  and  most  of 
the  radial-seal-seating  loads  were  not  measured  directly.  The  axial-seal-seating  loads 
were  always  measured,  but  these  included  the  force  necessary  to  rotate  the  disks,  and 
the  mechanical  advantage  of  the  rotating  disks  was  difficult  to  estimate.  However,  the 
axial-load  peaks  of  early  seals  with  dimensions  similar  to  those  of  the  leaking  seals 
were  generally  about  30  percent  higher  than  the  axial-load  peaks  of  the  leaking  seals. 

In  addition,  the  thickness  of  the  disks  at  the  hinge  line  of  the  final  seals  (0.  027  inch) 
was  about  30  percent  higher  than  the  thickness  (0.  020  inch)  of  most  of  the  disks  of  the 
early  seals.  Thus,  a  greater  amount  of  the  axial  load  required  to  seat  the  leaking  seals 
was  needed  to  rotate  the  disks  (this  force  does  nor  contribute  to  the  radial  seal-seating 
force)  than  was  the  case  with  the  seals  with  thinner  disks.  In  conclusion,  it  was  esti¬ 
mated  that  the  radial  seal-seating  pressure  on  the  leaking  seals  was  probably  signifi¬ 
cantly  lower  than  for  the  early  seals. 

The  second  aspect  was  the  difference  between  the  appearance  of  the  axial  seal- 
seating-load  curve  for  the  early  seals  and  the  appearance  of  that  for  the  seals  made  to 
dimensions  in  the  specifications.  Most  of  the  early  curves  showed  two  distinct  humps. 
(See  subsequent  Figure  99.  )  Each  hump  represented  the  seating  action  of  a  seal  disk. 
Two  humps  were  created  because  one  disk  was  always  stronger  than  the  other  disk. 
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Many  of  the  curves  for  the  specification  seals  had  one  full  hump  and  a  partial  hump. 

It  was  believed  that  the  absence  of  a  full  second  hump  may  have  resulted  from  the  first 
disk  causing  the  tang  to  yield  sufficiently  that  the  second  disk  was  not  supported  as  much 
as  normal  by  the  tang.  The  possibility  of  interaction  between  the  two  sides  of  the  tang 
was  increased  for  the  larger  seals  because  the  tang  was  shorter  in  relation  to  the  tang 
thickness  than  was  the  case  for  the  3/8-inch  seals.  This  interaction  might  explain  the 
failure  of  the  seals  to  function  satisfactorily  in  the  misaligned  connectors  despite  the 
fact  that  all  the  seals  functioned  satisfactorily  in  the  aligned  connectors. 

As  a  result  of  the  examination  of  the  connector  parts  and  of  Battelle's  past  work, 
the  following  conclusions  were  reached: 

(1)  The  unretained  Bobbin  seal  was  susceptible  to  damage  and  im¬ 
proper  installation  during  assembly  of  the  connector. 

(2)  The  leaking  connector  parts  were  made  within  the  specifications. 

Although  not  apparently  a  cause  of  leakage,  the  machined  surface 
of  the  seals  was  noticeably  rougher  than  were  earlier  Battelle 
seals. 

(3)  The  radial  seal-seating  pressure  in  the  3 /4-inch  connector  was 
satisfactory  for  an  aligned  connector,  but  higher  sealing  pres¬ 
sures  were  attained  in  many  of  Battelle's  earlier  seals. 

(4)  As  the  seal  tang  is  made  shorter  in  relation  to  its  thickness,  a 
ratio  may  be  reached  for  which  the  disks  do  not  seat  sufficiently 
independently. 

The  following  steps  were  recommended  to  overcome  the  apparent  deficiencies  of 
the  connector: 

(1)  A  means  should  be  devised  to  retain  the  seal  in  one  of  the 
flange  cavities  during  assembly  of  the  connector. 

(2)  Consideration  should  be  given  to  changing  the  rms  specification 
on  the  seals  from  32  to  16. 

(3)  The  radial  sealing  force  of  each  size  of  stainless  steel  seal 
should  be  measured,  and  if  necessary,  increased. 

(4)  The  length-to-thicknesB  ratio  for  the  tangs  of  all  sizes  of 
stainless  steel  seals  should  be  checked  to  insure  independent 
seating  action  of  the  sealing  disks. 


Seal  Investigations  at  the  Rocket 
Propulsion  Laboratory 

The  decision  was  made  to  conduct  work  under  Steps  3  and  4  at  the  Rocket 
Propulsion  Laboratory.  Because  of  the  installation  problems  with  the  3 /4-inch  con¬ 
nectors,  it  was  decided  that  work  would  be  concentrated  on  this  connector  size.  He  w- 
ever,  it  was  believed  that  the  results  of  this  work  would  probably  apply  to  1-  inch  seals 
also.  Strain-gaged  rings  were  fabricated  at  Battelle-Columbus  from  high-strength  steel 
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to  replace  the  retaining  lip  of  the  3/4-inch  connector  flanges.  Plugs  were  machined  to 
fit  inside  the  rings  so  the  seal  tang  could  be  compressed  between  the  plugs  and  the  seal 
disks  would  press  outwardly  against  the  load  rings.  These  components  were  calibrated 
and  then  forwarded  to  the  Rocket  Propulsion  Laboratory. 

First,  the  maximum  radial  sealing  loads  were  measured  for  seven  SAI  seals.  The 
first  two  seals  were  seated  normally,  with  the  disks  both  being  seated  in  one  loading. 

The  next  five  seals  were  loaded  to  seat  only  one  disk  at  a  loading.  The  results  of  the 
load  tests  with  these  seals  are  shown  in  Table  59.  Also  shown  are  the  measured  maxi¬ 
mum  axial  loads,  the  original  seal  disk  diameters,  and  the  percent  of  sealing  surface 
that  was  matted,  or  did  not  seem  to  be  ac  shiny  as  desired.  Figure  98  shows  a  plot  of 
the  maximum  measured  radial  load  as  a  function  of  the  maximum  measured  axial  load. 


FIGURE  98.  COMPARISON  OF  MAXIMUM  RADIAL  AND  AXIAL  SEAL-SEATING 
LOADS  -  3 /4-INCH  SAI  STAINLESS  STEEL  SEALL 


The  major  conclusion  from  this  work  was  that  the  radial  sealing  load  varied  much 
more  than  was  anticipated  for  seals  made  by  the  same  manufacturer  from  one  bar  of 
material.  Tentative  conclusions  were:  (1)  the  initial  fit  of  the  seal  was  not  a  major 
load -dete rmining  factor,  (2)  dimensional  variations  within  the  seal  probably  were  a 
major  load-determining  factor,  (3)  the  prevalence  of  the  mat  surface  indicated  the  need 
for  increased  seal  strength,  and  (4)  the  rule-of-thumb  estimate  that  the  radial  sealing 
force  was  twice  the  axial  sealing  force  was  an  effective  approximation. 

In  a  second  series  of  tests  it  was  shown  that  significant  interaction  existed  between 
the  seal  disks.  In  essence  it  was  shown  that  the  radial  load  established  by  the  first  disk 
to  seat  could  be  reduced  as  much  as  50  percent  when  the  second  disk  was  seated. 

In  a  third  series  of  tests,  3/4-inch  seals  were  machined  from  Type  304L  stain¬ 
less  steel. to  the  dimensions  in  the  specifications.  Radial  sealing  forces  from  5  seals 
varied  fairly  uniformly  from  520  lb/in.  to  830  lb/in.  of  seal  circumference.  It  was 
thus  shown  that  the  introduction  of  a  material-properties  variation  created  a  set  of 
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TABLE  69.  LOAD  TESTS  MADE  WITH  SAI  3/4 -INCH  STAINLESS  STEEL 
SEALS  AT  ROCKET  PROPULSION  LABORATORY 


Specimen^*) 

Seal  Disk 

Diameter**5),  in. 

Max  Axial 
Load,  lb 

Maximum  Load  pet  In.  of 
Seal  Circumference*0),  lb/in. 
Axial  Radial 

Percent  of 
Matted  Sealing 
Surface 

1 

0.884 

1260 

452 

965 

33 

0.887 

1740 

623 

1275 

33 

2 

0.885 

1135 

407 

790 

25 

0.887 

1480 

530 

1174 

10 

3 

0.882 

1380 

495 

935 

33 

0.887 

2280 

817 

1386 

None 

4 

0.887 

1400 

502 

880 

None 

0.887 

1485 

533 

900 

33 

5 

0.886 

1330 

477 

885 

50 

0.887 

1580 

667 

1066 

25 

6 

0.886 

1410 

506 

990 

25 

0.887 

1775 

637 

1380 

33 

7 

0.885 

1400 

502 

1050 

33 

0.881 

1480 

530 

940 

75 

(a)  Disks  of  Specimens  1  and  2  seated  during  one  loading.  Disks  of  Specimens  3  through  7  seated  one  at 
a  time. 

(b)  ID  of  flange  lip  -  0. 888  In. 

(c)  Based  on  ID  of  flange  lip. 


readings  almost  completely  below  those  obtained  from  the  SAI  seals.  It  was  also 
shown,  however,  that  the  lowest  sealing  load  was  still  very  close  to  the  original  design 
minimum  of  600  lb/in. 

In  a  fourth  series  of  tests,  1/4-inch  seals  were  made  from  Type  304L  stainless 
steel  with  different  tang  lengths.  These  seals  were  seated  to  determine  the  effect  of 
increased  tang  length  on  the  radial  sealing  load  and  on  disk  interaction.  It  was  found 
that  a  100  percent  increase  in  tang  length  resulted  in  a  50  percent  increase  in  radial 
sealing  load.  A  greater  increase  in  tang  length  did  not  increase  the  radial  sealing  load 
significantly  because  the  seal  disks  were  not  strong  enough  to  yield  a  stronger  tang. 

On  the  basis  of  the  work  conducted  at  the  Rocket  Propulsion  Laboratory,  it  was 
concluded  that  the  radial  sealing  load  of  the  3/4-  and  1-inch  stainless  steel  seals 
should  be  increased  and  that  the  increased  load  should  be  accomplished  by  lengthening 
the  seal  tang  since  this  would  tend  to  separate  the  seating  action  of  the  seal  disks. 


175 


Seal  Investigations  at  Battelle -Columbus 


The  work  on  the  seal  retention  and  misalignment  problems  of  threaded  connectors 
(see  pages  157-164)  precipitated  a  more  intensive  investigation  of  the  radial  sealing  loads 
of  the  stainless  steel  threaded  seals.  This  occurred  because  it  was  not  possible  to  select 
a  final  seal-retention  or  misalignment-limitation  configuration  until  the  seal  dimensions 
had  been  selected. 

As  the  parameters  associated  with  an  increased  seal  tang  length  were  examined 
more  closely,  it  became  apparent  that  this  approach  had  several  disadvantages.  The 
most  important  disadvantages  were  an  increase  in  the  size  and  weight  of  the  connectors. 
While  the  increase  required  for  the  3/4-  and  1-inch  connectors  might  have  been  ac  - 
ceptable,  the  same  dimensional  increases  on  the  3/8-  and  1/2-inch  connectors  might 
have  been  unacceptable.  Related  to  these  problems  were  secondary  problems  associated 
with  the  change  of  many  of  the  connector  specifications.  In  addition  to  the  problems 
associated  with  an  increased  tang  length,  several  higher  strength  materials  seemed  to 
be  capable  of  producing  the  required  increase  in  radial  sealing  load  within  the  specifi¬ 
cation  seal  dimensions.  If  such  a  material  were  used,  the  higher  yield  would  provide 
greater  springback  in  the  seal  and  might  minimize  the  problem  of  disk  interaction. 

Thus,  the  decision  was  made  to  develop  an  improved  seal  within  the  specification 
dimensions. 

The  accomplishment  of  this  objective  proved  to  be  much  more  difficult  than  an¬ 
ticipated.  However,  considerable  work  on  the  problem  was  accomplished,  and  it  is 
summarized  in  the  following  sections. 

Radial  Sealing  Load  Calculations.  The  improved  procedure  for  calculating  radial 
sealing  loads  (see  pages  166-169)  was  used  to  calculate  the  loads  for  the  3/4-inch  SAI 
seals.  In  the  original  calculation,  30,  000  psi  had  been  used  as  the  yield  strength  of 
austenitic  «*»inless  steel.  However,  this  is  a  minimum  tensile  yield  strength,  and  a 
more  extensive  search  of  the  literature  produced  data  showing  that  the  compressive 
yield  strength  of  austenitic  stainless  steel  could  be  between  40,000  and  50,000  psi  for 
the  degree  of  strain  produced  in  the  Bobbin  seals.  When  50,  000  psi  was  used  in  the 
revised  calculation  procedure,  the  calculated  radial  sealing  load  for  the  3/4-inch  seals 
agreed  well  with  the  average  of  the  experimental  results  obtained  at  the  Rocket 
Propulsion  Laboratory  for  the  3/4-inch  SAI  seals. 

The  decision  was  then  made  to  calculate  the  radial  sealing  loads  for  all  the  seals 
in  the  specification.  This  calculation  was  of  particular  interest  because  the  sealing 
surfaces  of  the  3/8- inch  SAI  seals  seemed  to  be  consistently  shiny,  and  it  was  hoped 
that  the  radial  sealing  load  for  this  seal  might  be  used  to  estimate  the  required  radial 
sealing  load  increases  in  the  3/4-  and  1-inch  seals.  Table  60  shows  the  radial  sealing 
loads  calculated  for  the  specification  seals,  using  40,  000  and  50,  000-psi  yield 
strengths.  It  can  be  seen  that  the  calculations  for  the  3/4-inch  seal  using  a  40,  000-psi 
yield  strength  agreed  well  with  the  average  values  measured  at  the  Rocket  Propulsion 
Laboratory  for  3/4-inch  seals  made  of  Type  304L  stainless  steel. 

If  the  radial  sealing  load  for  the  3/8-inch  seal  was  satisfactory,  these  calculations 
showed  that  the  1/8-  and  1 /4-inch  seals  were  also  satisfactory.  The  calculations  also 
showed  that  the  1/2-inch  seal  was  slightly  understrength,  while  the  3/4-inch  seals  were 
almost  50  percent  unde r st rength. 
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TABLE  60.  RADIAL  SEALING  LOADS  CALCULATED  FOR  SPECIFICATION 
STAINLESS  STEEL  SEALS  WITH  REVISED  CALCULATION 
PROCEDURE 


T  ubing 
Size, in. 

Radial  Sealing  Load,  Ib/in.  , 
Using  Sy  =  40,  000  Psi 

Radial  Sealing  Load,  lb/in., 
Using  Sv  =  50,  000  Psi 

1/8 

948.  9 

1187.3 

1/4 

913. 9 

1142.3 

3/8 

912.2 

1139.5 

1/2 

805.9 

1007.6 

3/4 

728.  8 

901.5 

1 

700.  0 

875.  0 

With  the  need  for  an  increase  in  radial  sealing  load  further  substantiated,  the 
question  arose  concerning  the  capability  of  the  connector  structures  to  sustain  the  loads 
resulting  from  stronger  seals.  The  axial  load  required  of  the  nut  would  be  increased, 
and  the  radial  load  on  the  lip  of  the  connector  flanges  would  be  increased.  Work  was 
then  undertaken  to  determine  the  limits  of  these  factors. 

Axial  Seal-Seating-Load  Calculations.  The  following  formula  was  used  to  cal¬ 
culate  the  axial  loads  expected  for  the  minimum  and  maximum  torques  listed  in  the 
specifications : 


T  =  0.2  dFj  ,  (29) 

where 

T  =  torque,  in-lb 
d  =  thread  diameter,  in 
F  j  =  axial  force,  lb. 

Table  61  shows  the  minimum  torques  and  resulting  axial  forces,  and  the  total 
axial  seal-seating  loads  as  defined  on  two  bases:  (1)  experimental  values  from  Table 
58,  and  (2)  calculated  values  based  on  Table  60,  using  a  ratio  of  axial  load  to  radial 
load  of  1  to  2. 


TABLE  61.  AXIAL  LOADS  FOR  SPECIFICATION  TORQUES  AND  AXIAL  SEAL- SEATING 
LOADS  FOR  STAINLESS  STEEL  SPECIFICATION  SEALS 


Tubing 

Size, 

in. 

Min 

Torque, 

in-lb 

Min 

Axial 
Force,  lb 

Exp.  Seal 
Seating 
Forte,  lb 

Calc.  Seal 
Seating  Force, 

Sy  =  40,000  Psi, 
lb 

Calc.  Seal 
Seating  Force, 

Sy  =  50,  000  Psi, 
lb 

1/8 

75 

666 

665 

520.  0 

660. 0 

1/4 

200 

1600 

950 

650.  0 

808.0 

3/8 

380 

2533 

1215 

810.  0 

1000.  0 

1/2 

490 

2800 

1388 

840.  0 

1110.0 

3/4 

1240 

5510 

1595 

1010.  0 

1260.  0 

1 

2300 

8764 

2030 

1200  0 

1510.  0 
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From  the  information  in  Table  61  it  appeared  that  the  available  axial  loads 
would  permit  significant  strength  increases  in  3/8-inch  and  larger  seals.  The  1/8-inch 
seal  appeared  to  be  very  marginal,  and  the  1/4-inch  seal  did  not  provide  much  margin 
if  the  possible  variations  in  seal  loading  were  considered. 

Flange  Strength  Limitations.  An  increased  diametral  requirement  is  probably 
the  biggest  problem  to  be  overcome  in  designing  a  lightweight  threaded  connector  with  a 
radial  seal.  Thus,  the  lips  on  the  connector  flanges  were  made  as  thin  as  possible.  On 
the  other  hand,  the  stress  calculations  for  the  flange  lips  were  very  approximate,  and 
the  effect  of  simplification  in  the  calculations  was  difficult  to  estimate.  When  the  speci¬ 
fication  connectors  were  designed,  a  minimum  lip  thickness  of  0,065  inch  was  selected. 
If  the  OD  of  the  seal  for  a  given  connector  size  was  such  that  extra  space  was  available 
with  the  use  of  a  standard  thread  size  on  the  nut,  then  the  lip  thickness  was  increased. 
Table  62  shows  the  nominal  flange  lip  thicknesses  for  the  plain  flanges  of  the  specifica¬ 
tion  connectors. 


TABLE  62.  PLAIN  FLANGE  LIP  THICKNESS  FOR 
StAINLESS  STEEL  SPECIFICATION 
CONNECTORS 


Tubing  Size, 
in. 

Plain  Flange  Lip 
Thickness,  in. 

1/8 

0.  075 

1/4 

0.  065 

3/8 

0.  065 

1/2 

0,  070 

3/4 

0.  079 

1 

0.  065 

From  Table  62  it  can  be  seen  that  the  1/4-,  3/8-,  and  1-inch  plain  flanges 
all  had  the  minimum  allowable  thickness.  Because  of  its  increased  diameter,  it  was 
concluded  that  the  1-inch  plain  flange  was  the  weakest  component.  Experiments  were 
conducted  with  the  1-inch  plain  flange  to  obtain  an  experimental  approximation  of  its 
radial  load  capacity. 

A  1-inch  seal  was  machined  from  A286  (tensile  Sy  =  102,  000  psi),  and  the 
seal  was  partially  seated  in  a  1-inch  plain  flange.  A  diametral  expansion  of  0.  0002  inch 
was  measured  with  an  axial  load  of  3500  pounds.  At  4500  pounds,  an  additional  expan¬ 
sion  of  0.001  inch  was  measured.  The  test  was  stopped,  the  seal  tang  was  reduced  50 
percent,  and  the  seal  was  completely  seated  with  an  axial  load  of  5350  pounds.  At  this 
load,  the  lip  diameter  had  increased  0.  002  inch  and  some  flange  yielding  was  indicated. 

It  was  concluded  that  the  1-inch  plain  flange  could  sustain  an  axial  seal  seating  load  of 
4000  pounds  without  damage,  and  an  occasional  load  of  approximately  5000  pounds.  This 
conclusion  was  partially  verified  later  when  a  1-inch  seal  made  of  19-9  DL  was  seated 
with  a  maximum  axial  load  of  4000  pounds  without  yielding  of  the  flange  lip. 
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The  ID  of  the  plain  flange  lip  (the  OD  of  the  seated  seal)  is  1.  1  inches.  If  a 
ratio  of  axial -to  -  rad  ial  force  of  1  to  2  is  selected,  the  tests  indicated  that  the  1 -inch 
plain  flange  could  withstand  a  radial  sealing  force  of  about  2300  lb/in.  with  an  occasional 
force  of  about  2900  lb/in.  It  then  appeared  that  the  plain  flanges  as  dimensioned  by  the 
specifications  would  tolerate  a  significant  increase  in  ths  radial  sealing  load. 

Load  Testing  of  3/8-lnch  SAT  Seals.  Because  it  appeared  that  the  3 /8-inch  seal 
might  be  found'to  be  satisfactory,  load  tests  were  conducted  with  three  3/8-inch  SAI 
seals.  The  disks  of  the  first  specimen  were  seated  one  at  a  time,  while  the  disks  of  the 
second  and  third  specimens  were  seated  during  one  assembly.  For  the  second  type  of 
assembly,  one  disk  was  seated  in  a  load  ring,  and  one  disk  was  seated  in  a  flange. 

Table  63  shows  calculated  and  experimental  loads  for  the  3/8-inch  seals.  Figure  99 
shows  the  axial  load  trace  obtained  from  the  tensile  machine,  and  associated  strain 
readings  obtained  from  the  load  ring.  An  examination  of  the  sealing  surfaces  showed 
uniformly  shiny,  coined  sealing  surfaces  about  0.015  inch  wide. 

TABLE  63.  CALCULATED  AND  EXPERIMENTAL  LOADS  FOF.  3/8-INCH 
STAINLESS  STEEL  SPECIFICATION  SEALS 


Specimen(a) 

Maxim  uni 

Axial 
Load,  lb 

Maximum  Load  per  In.  of 
Seal  Circumference,  lb/in. 

Axial(b)  Radial 

Calculated 
Radial  Load, 
lb/in.,  Sy  = 

50,  000  Psi 

Radial  Load 
After  Seating 
of  Second  Disk, 
lb/in. 

1 

1235 

705 

1410 

1139. 5 

1500 

856 

1460 

2 

1200 

685 

1150 

1139. 5 

1  150 

1285 

735 

--  (c) 

-- 

-- 

3 

14  90 

800 

1440 

1139. 5 

1230 

1730 

990 

--  (c) 

-- 

(a)  Disks  of  Specimen  1  seated  one  at  a  time,  disks  of  Specimens  2  and  3  seated  during  one  loading? 

(b)  Based  on  ID  of  flange  lip  =  0.  564  in. 

(c)  Seal  seated  in  one  load  ring  and  one  flange. 


Three  tentative  conclusions  we  i  e  reached  from  these  tests: 

(1)  The  revised  calculation  was  applicable  to  3/8-inch  seals  as  well 
as  3/4-inch  seals,  and  was  probably  accurate  for  all  sizes  of 
seals  for  threaded  connectors. 

(2)  A  radial  sealing  load  of  1200-1500  lb/in.  of  seal  circumfer¬ 
ence  appeared  to  be  a  good  minimum  value  for  threaded- 
connectors 

(3)  The  appearance  of  two  pronounced  humps  on  the  axial  load  curve 
actually  indicates  more,  rather  than  less,  disk  interaction  as 
had  been  thought. 
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Axial  Movemant,  inches 


a  Specimen  No  2  -  Little  Disk  Interaction 


b  Specimen  No  3  -  Significant  Disk  Interaction 
Indicated  by  Reduced  Radial  Sealing  Load 


FIGURE  99.  AXIAL  LOAD  TRACE  AND  RADIAL  LOAD  INCREMENTS  FOR 

3/8-INCH  STAINLESS  STEEL  SAI  SEALS  (SPECIMENS  NO.  2  AND  3) 


Investigation  of  Plating  Quality.  Tests  were  then  conducted  to  determine  the  effect 
of  increased  radial  sealing  loads  on  3/A  •  and  1-inch  SAI  seals.  Specimens  were  for¬ 
warded  to  Battelle-Columbu8  from  the  Rocket  Propulsion  Laboratory,  When  these  ap¬ 
peared  to  have  rougher  plating  surfaces  than  expected,  additional  specimens  in  most 
sizes  were  obtained  and  examined.  In  all,  approximately  30  SAI  seals  were  examined 
with  a  10-power  glass.  Typical  types  of  variations  included  pits,  plating  nodules,  grainy 
surfaces,  edge  nicks,  scratches,  inclusions,  and  machining  marks  under  the  plating. 

Although  it  was  believed  at  first  that  the  quality  of  the  plating  should  be  improved, 
a  discussion  with  SAI  personnel  of  the  production  plating  of  the  seals  indicated  that  the 
plating  quality  was  good  as  defined  by  the  present  state  of  the  art.  Although  various 
steps  could  be  taken  to  improve  the  plating,  these  would  result  in  a  substantial  increase 
in  plating  costs.  Therefore,  it  appeared  desirable  to  increase  the  radial  sealing  load 
sufficiently  to  make  the  current  plating  quality  acceptable.  A  similar  conclusion  was 
reached  at  the  Rocket  Propulsion  Laboratory  after  an  examination  of  the  plating.  In  any 
case  it  was  clear  that  the  range  of  radial  sealing  loads  that  could  occur  within  the 
specification  for  the  3/4-  and  1-inch  seals  would  result  in  a  significant  percentage  of 
seals  with  excessive  leakage  if  the  nickel  plating  were  of  the  current  quality. 

Increased  Sealing  Loads  for  Current  Plating  Quality.  The  possibility  of  obtaining 
reliable  sealing  for  seals  with  current  plating  quality  was  investigated  by  assembling  a 
number  of  3/4-  and  1-inch  SAI  seals  with  insert  rings  in  the  tangs  to  provide  additional 
radial  sealing  loads.  The  disks  were  able  to  sustain  radial  sealing  loads  of  about 
1700  lb/in.  before  their  columnar  strength  was  exceeded. 
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Approximately  20  seals  were  assembled  with  varying  radial  sealing  loads.  On  the 
basis  of  detailed  examinations  of  the  sealing  surfaces  before  and  after  seating,  it  was 
concluded  that  an  average  radial  sealing  load  of  1500  lb/in.  would  give  good  sealing 
with  the  current  plating.  Starting  at  a  radial  sealing  load  of  about  1200  lb/in.,  a  shiny 
coined  sealing  surface  was  formed  that  was  about  0.015  inch  wide.  At  a  load  of  1500 
lb/in.,  a  similar  surface  was  formed  which  was  about  0.  020  inch  wide.  In  both  cases, 
many  of  the  plating  variations  were  coined  out.  When  edge  nicks  or  pits  occurred,  the 
coined  surface  was  sufficiently  wide  to  create  a  seal  around  the  discontinuity. 

During  a  detailed  review  of  this  work  at  the  Rocket  Propulsion  Laboratory,  it  was 
mutually  agreed  that  attempts  would  be  made  to  develop  seals  with  radial  sealing  loads 
ranging  from  1200  lb/in.  to  1700  lb/in.  Since  the  3/8-inch  and  smaller  seals  already 
provided  these  loads,  attention  was  to  be  directed  to  the  1/2-  ,  3/4-  ,  and  1-inch  seals. 


Candidate  Materials  and  Configurations 

Over  a  period  of  several  weeks  at  the  end  of  Contract  AF  04(6 1 1 )- 1 12 04,  person¬ 
nel  at  the  Rocket  Propulsion  Laboratory  and  Battelle -Columbus  worked  closely  together 
in  developing  and  evaluating  candidate  materials  and  configurations. 

Two  basic  approaches  were  visualized  for  developing  the  necessary  increase  in 
radial  seal  loading:  (1)  the  use  of  a  stronger  material  for  the  entire  seal  or  (2)  the  use 
of  an  insert  ring  of  strong  material  in  the  tang  of  an  austenitic  stainless  steel  seal. 
Called  the  one-metal  and  two-metal  seal  approaches,  each  had  advantages  «md 
disadvantages . 

The  one-metal  seal  approach  offered  lower  production  costs  and  better  production 
control.  However,  fewer  materials  were  available  for  consideration,  and  the  perfor¬ 
mance  of  a  stronger  seal  structure  against  the  softer  material  of  the  flange.'  was 
d;fficult  to  envision 

The  two  metal  seal  approach  offered  higher  production  costs  and  poorer  produc¬ 
tion  control.  On  the  other  hand,  several  materials  appeared  to  be  candidates  for  the 
strengthening  element,  and  the  performance  of  the  seal  disks  against  the  flanges  was  > 
thought  to  be  more  predictable. 

Candidate  Materials  for  One-Metal  Seals.  Candidate  material  properties  for  a 
satisfactory  one-metal  seal  could  be  closely  specified.  The  compressive  yield  strength 
had  to  be  from  50  percent  to  100  percent  more  than  for  the  SAI  seals  (which  was  about 
50,  000  psi).  The  coefficient  of  thermal  expansion  had  to  be  about  9.  5  x  10-6  in.  /in.  /F 
to  match  the  austenitic  stainless  steel  flanges.  The  material  had  to  be  compatible  with 
candidate  rocket  propulsion  fluids.  It  also  had  to  be  available  in  bar  stock,  cost  about 
$1.00  per  pound,  and  have  a  machining  index  of  approximately  50. 

All  relatively  common  stainless  steels  were  considered.  The  martensitic  and 
ferritic  stainless  steels  were  not  acceptable  because  of  their  low  coefficient  of  thermal 
expansion  (approximately  5.  5  x  10"^  in.  /in.  /F).  The  age -hardenable  stainless  steels 
had  a  low  coefficient  of  thermal  expansion  and  were  generally  too  strong.  The  nickel- 
base  superalloys  were  too  strong  and  were  not  corrosion  resistant  to  N2H4  and  fluorine. 
A286  wtis  shown  to  be  too  strong  (see  page  178)  and  was  not  compatible  with  N2H4  and 
fluorine.  A  cobait-base  superalloy,  V-36,  appeared  to  have  attractive  properties,  but 
it  was  not  generally  available  and  little  corrosion  data  could  be  found. 
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The  most  promising  materials  for  a  one-metal  seal  were:  (1)  cold-worked  Type 
304  stainless  steel,  (2)  19-9DL  stainless  steel,  and  (3)  a  new  stainless  steel  by  Arnica, 
called  21-6-9. 

Type  304  stainless  steel  is  capable  of  being  cold  worked  to  very  high  yield 
strengths.  The  yield  strength  of  full-hard  tubing  was  found  to  range  from  115,000  to 
150,000  psi.  Cold-worked  bars  were  available  in  limited  quantities  and  by  special 
order.  Because  the  general  properties  of  cold-worked  Type  304  appeared  to  be  ideal 
for  use  in  the  austenitic  stainless  steel  flanges,  the  major  problems  seemed  to  be  asso¬ 
ciated  with  the  availability  of  the  material  in  the  required  yield  strength,  and  the  effect 
of  the  residual  stresses  on  the  machining  of  the  thin  seal  disks.  The  further  investi¬ 
gation  of  this  material  is  discussed  below. 

The  second  candidate,  19-9DL,  was  an  iron-base  superalloy.  It  had  an  ideal 
yield  strength  (70,  000  to  85,  000  psi),  was  readily  available,  and  cost  about  $1.  00  per 
pound.  It  had  a  coefficient  of  thermal  expansion  of  10  x  10'^  in.  /in.  /F,  and  its  ma¬ 
chining  index  was  comparable  to  austenitic  stainless  steel.  Although  an  examination  of 
the  composition  of  19-9DL  indicated  that  it  should  be  more  corrosion  resistant  than 
A286  (another  iron-base  superalloy),  little  data  existed  for  exposure  to  rocket  propul¬ 
sion  fluids.  The  lack  of  corrosion  data  appeared  to  be  the  biggest  problem  with  19-9DL. 

The  third  candidate,  21-6-9,  was  very  similar  to  austenitic  stainless  steels.  The 
coefficient  of  thermal  expansion,  cost,  and  machining  index  were  favorable.  Although 
its  corrosion  resistance  to  rocket  propulsion  fluids  was  not  known,  its  composition 
indicated  that  it  would  be  similar  to  Type  316  stainless  steel.  The  biggest  problem  with 
21-6-9  was  the  fact  that  the  annealed  tensile  yield  strength  was  not  very  high  (50,  000 
to  60,  000  psi).  While  this  was  some  improvement  over  annealed  austenitic  stainless 
steel,  it  was  not  as  much  as  desired.  Another  problem  was  the  fact  that  there  was  only 
one  supplier,  and  21-6-9  was  not  readily  available  in  the  bar  sizes  of  interest.  Al¬ 
though  21-6-9  was  able  to  be  cold  worked  to  achieve  higher  yield  strengths,  such  mate¬ 
rial  was  much  less  available  than  cold-worked  Type  304  stainless  steel. 

Candidate  Materials  for  Two-Metal  Seals.  The  two-metal  seal  configuration  was 
envisioned  as  consisting  of  an  austenitic  stainless  steel  Bobbin  seal  with  some  percent¬ 
age  of  its  tang  replaced  by  a  relatively  high-strength  stainless  steel.  The  percentage 
to  be  replaced  would  depend  on  the  strength  of  the  insert  ring,  although  it  was  apparent 
that  some  of  the  original  tang  material  had  to  remain  to  join  the  seal  disks  during 
machining  and  to  insure  proper  seating  of  the  seal  disks. 

Most  of  the  materials  discussed  for  the  one-metal  seal  were  also  considered  for 
the  two-metal  seal.  Particular  attention  was  given  to  A286  and  Inconel  718.  However, 
because  of  the  corrosion  problems  with  these  materials,  the  final  candidate  material 
was  hard-drawn  and  tempered  Type  304  stainless  steel  tubing.  Although  this  material 
was  not  readily  available  in  the  tubing  size  and  wall  thickness  desired,  there  appeared 
to  be  several  companies  that  would  be  willing  to  supply  it  in  limited  quantities  for  about 
$1.  50  per  pound.  When  used  with  an  annealed  Type  304  stainless  steel  structure,  the 
combination  appeared  to  be  ideal.  However,  as  described  below,  preliminary  tests 
simulating  such  a  configuration  produced  unanswered  questions  about  the  performance 
of  the  two-metal  seal. 

Limited  Tests  With  One-Metal  Seals.  Limited  tests  were  conducted  with  one- 
metal  seals  to  assist  in  the  formulation  of  recommendations  for  follow-on  effort. 


Small  quantities  of  each  candidate  material  were  obtained  and  load  testa  were  con¬ 
ducted  with  seals  machined  to  the  specification  dimensions. 

A  l -inch  bar  of  21-6-9  was  obtained  readily  as  a  sample  from  Armco  (it  was  not 
possible  to  obtain  a  slightly  larger  size  bar  for  the  1-inch  seals  during  6  weeks  of  re¬ 
quests).  The  sao  nle  had  a  tensile  yield  strength  of  57,500  psi,  which  was  said  to  be 
about  average,  I  ur  3/8-inch  and  three  3/4-inch  seals  were  machined  from  this  bar 
and  load  tested.  The  test  results  are  shown  in  Table  64,  as  is  a  calculated  radial  seal¬ 
ing  load  based  on  an  assumed  compressive  yield  strength  of  65,  000  psi.  Although  the 
first  two  3/4-inch  seals  were  seated  before  a  3/4-inch  load  ring  was  fabricated,  the 
measured  axial  loads  for  all  seals  and  the  measured  radial  sealing  loads  for  Specimen  3 
were  about  as  anticipated.  It  was  not  possible  to  explain  the  similarity  of  the  3/8-inch, 
21-6-9  results  shown  in  Table  64  with  those  obtained  with  3/'8-inch  seals  made  of  an¬ 
nealed  Type  3i0  stainless  steel  (see  Table  63).  An  examination  of  the  disk  surfaces  of 
the  3/8-inch,  21-6-9  seals  showed  significant  areas  of  crazing,  which  indicated  a  greater 
surface  compressive  yielding  than  had  been  observed  on  other  seals.  It  was  concluded 
that  the  material  was  promising,  but  that  future  tests  should  determine  whether  21-6-9 
was  weaker  in  compressive  yield  than  expected. 

TABLE  64.  LOAD-TEST  RESULTS  FOR  3/8-  AND  3/4-INCH 
SEALS  MACHINED  FROM  21-6-9 


Tubing 

Size, 

Maximum 

Axial 

Max  Load  per  In.  of  Seal 
Circumference,  lb/in. 

Calculated  Radial 
Load,  lb/ in. , 

in. 

Soecimen 

Load,  lb 

Axial 

Radial 

Sy  =  65,  000  Psi 

3/8 

1 

1440 

822 

1420 

1485 

3/8 

2 

1230 

702 

1235 

1485 

3/8 

3 

1420 

810 

1320 

1485 

3/8 

4 

1525 

870 

1600 

1485 

3/4 

1 

2400 

860 

-- 

1170 

3/4 

2 

2400 

860 

-- 

1170 

3/4 

3 

2100 

752 

1240 

1  170 

A  1-1/4-inch  bar  of  19-9DL  was  readily  obtained.  An  accompanying  specification 
listed  a  tensile  yield  strength  of  84,  000  psi.  Several  sources  listed  a  minimum  tensile 
yield  of  70,  000  psi,  but  the  specimen  that  was  obtained  was  apparently  typical.  One  3/4- 
inch  seal  and  one  1-inch  seal  were  machined  from  this  bar.  Table  65  shows  the  results 
obtained  from  these  seals  and  the  calculated  radial  sealing  load  based  on  an  assumed 
compressive  yield  strength  of  95,000  psi.  The  load  results  were  about  as  anticipated 
and  the  seal  deformation  appeared  to  be  normal.  The  1-inch  plain  flange  did  not  yield 
with  this  assembly,  substantiating  the  earlier  tests  (see  page  178)  with  an  A286  seal. 
Although  the  edges  of  the  seal  disks  did  not  flatten  out  but  indented  slightly  into  the  softer 
flange  material,  neither  seal  was  more  difficult  to  remove  than  the  SAI  seals.  This  in¬ 
dicated  that  flange  indentation  may  not  be  a  problem  with  a  stronger  seal.  However,  it 
also  appeared  that  a  reverse  angle  may  have  to  be  machined  on  the  seal  disks  if  a  satis¬ 
factorily  wide  sealing  surface  is  to  be  obtained.  (This  procedure  worked  well  for  the 
ilanged-connector  seals.) 
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TABLE  65.  LOAD-TEST  RESULTS  FOR  3/4-  AND  l -INCH  SEALS 
MACHINED  FROM  I9-9DL  AND  ANNEALED  AND 
COLD -DRAWN  TYPE  304  STAINLESS  STEEL 


rubing 

Maximum 

Max  Load  per 

In,  of  Seal 

Calculated  Radial 

Size, 

Seal 

Axial  Load, 

Circumference,  ib/in. 

Load,  lb/ in.  , 

in. 

Mate  rial 

lb 

Axial 

Radial 

Sy  =  95,  000  Psi 

3/4 

19-9DL 

2900 

1040 

2120 

1715 

1 

19-9DL 

4000 

1160 

1530 

1660 

3/4 

304 

2700 

968 

2030 

1715 

A  1-inch  bar  of  annealed  and  cold-drawn  Type  304  stainless  steel  was  found  and 
purchased.  Subsequently,  an  additional  1-inch  bar  and  1-1/4-incb  bar  were  located  but 
not  purchased.  These  bars  had  specified  tensile  yield  strengths  of  90,  000,  89,000,  and 
84,  000  psi,  respectively.  Through  discussions  with  several  steel  manufacturers,  it 
was  determined  that,  although  annealed  and  cold-drawn  Type  304  bars  are  usually  pur¬ 
chased  according  to  a  minimum  yield  strength,  it  would  be  practical  to  specify  a  mini¬ 
mum  and  a  maximum  yield  strength,  provided  the  range  was  sufficiently  broad.  On 
the  basis  of  these  discuss  ons,  values  of  70,000  and  90,000  nsi  would  be  acceptable. 
Ears  could  b**  "bta’r.'d  to  this  specification  at  anv  time  from  a  mill  if  1000  pounds  were 
ordered.  The  price  would  be  approximately  $0.90  per  pound.  If  smaller  quantities 
were  desired,  rails  to  specialty  suppliers  would  have  to  be  made,  similar  to  those  made 
by  Batteile-Columbu8.  While  additional  effort  would  be  needed  to  determine  accurately 
the  most  practical  methods  for  specifying  and  ordering  cold-worked  Type  304,  it  ap¬ 
peared  to  be  practical  to  obtain  the  material  with  the  proper  yield  strength. 

There  had  been  concern  that  a  cold-worked  bar  would  have  wide  stress  variations. 
Table  66  shows  hardness  readings  taken  from  the  Type  304  bar  that  was  purchased.  It 
was  concluded  that  the  uniformity  was  quite  good  for  the  purposes  of  the  Bobbin  seal. 


TABLE  66.  ROCKWELL  B  HARDNESS  READINGS  TAKEN  FROM 
90,  000- PSI-YIELD,  COLD-WORKED  TYPE  304 
STAINLESS  STEEL 


Location 


on  1  1  -  Ft  Ba  r 

Surface  of  Bar 

Center  of  Bar 

One-Half  Radius 

One  End 

106 

94 

98 

Middle 

104 

91 

98 

Other  End 


105 


93 


98 


One  3/4-inch  seal  was  machined  from  this  bar.  The  machining  was  judged  to  be 
somewhat  easier  than  for  annealed  Type  304  stainless  steel.  There  was  no  noticeable 
effect  from  residual  stresses  on  the  seal  dimensions.  The  results  from  the  load  test  of 
this  seal  are  shown  in  Table  65.  Some  concern  was  felt  about  the  ductility  of  the  cold- 
worked  material.  However,  the  accompanying  specific iation  showed  37  percent  elonga¬ 
tion,  and  the  deformation  of  the  seal  appeared  to  be  normal.  The  same  conditions  noted 
for  the  edge  of  the  19-9DL  seal  disks  were  also  noted  for  the  Type  304  Beal  disks. 

Limited  Tests  With  Two-Metal  Seals.  A  number  of  load  tests  were  made  with 
SAI  seals  equipped  with  insert  rings  as  a  means  of  increasing  the  radial  sealing  loads 
on  the  plating.  On  the  basis  of  this  work,  it  appeared  relatively  easy  to  select  a  high- 
strength  material  which  could  be  used  to  replace  a  portion  of  the  seal  tang  and  obtain  the 
same  increased  loads.  Although  detailed  consideration  was  given  to  A286  and  Inconel 
718,  the  only  material  that  was  finally  acceptable  was  cold-drawn  and  tempered  tubing 
made  of  Type  304  stainless  steel.  The  Superior  Tube  Company  listed  a  yield  -  strength 
range  of  1  15,  000  to  150,  000  psi  for  this  material.  Although  this  was  a  wide  yield- 
strength  range,  tests  with  the  SAI  seals  had  shown  that  good  disk  deflection  could  be  ob¬ 
tained  even  when  the  tang  did  not  yield.  Thus,  it  was  hypothesized  that  if  the  weakest 
tubing  did  not  permit  the  tang  to  yield,  the  behavior  of  the  seal  with  this  material  would 
be  the  same  as  it  would  be  with  the  highest  yield  tubing.  The  decision  was  made  to 
simulate  the  115,  000-psi -yield  tubing  by  using  99,  OOC'-psi-yield  A286,  Insert  rings 
were  designed  to  provide  comparable  strength,  and  one  3/4-inch  and  one  1-inch  SAI  seal 
were  modified  accordingly. 

The  load  test  with  the  1-inch  seal  gave  the  expected  results.  Although  the  tang 
yielded  slightly,  a  radial  load  of  1490  lb/in.  was  measured  and  the  sealing  surfaces 
were  comparable  with  those  obtained  with  previous  seals  in  which  the  tang  did  not  yield. 
The  3/4-inch  seal,  however,  was  a  disappointment.  The  load  curve  obtained  on  the  ten¬ 
sile  machine  did  not  appear  normal,  and  the  radial  lead  was  only  1180  lb/in.  This  oc¬ 
curred  despite  the  fact  that  the  tang  yielded  less  than  it  did  in  the  1-inch  seal.  When  a 
second  3/4-inch  seal  gave  duplicate  results,  it  was  concluded  that  an  unknown  factor  was 
occurring  in  the  deformation  of  the  3/4-inch  seal. 


Recommended  Future  Activities 

Because  of  the  promise  of  the  one-metal  seal  approach,  and  because  of  the  ap¬ 
parent  deformation  problem  with  the  two-metal  seal,  it  was  recommended  that  future 
activities  be  concentrated  on  developing  a  satisfactory  unt  -metal  seal 

At  the  conclusion  of  the  program,  it  appeared  that  the  21-6-9  should  be  selected 
for  the  1/2-inch  seal  and  that  annealed  and  cold-drawn  Type  304  should  be  selected  for 
the  3/4-  and  1-inch  seals.  However,  there  were  still  several  areas  about  these  mate¬ 
rials  and  about.  19-9DL  that  needed  further  understanding.  Because  the  development  of 
these  areas  might  change  the  evaluations,  it  was  recommended  that  a  program  be  ini¬ 
tiated  in  which  additional  material  specimens  would  be  purchased,  a  number  of  seals  of 
each  material  and  size  would  be  machined  and  plated,  and  a  number  of  load  tests  and  se¬ 
lected  performance  tests  would  be  conducted.  Corrosion  tests  of  the  19-9DL  and  21-6-9 
should  also  be  included. 

On  the  basis  of  this  preliminary  work,  the  best  materials  and  seal  designs  should 
be  selected  for  the  1/2-  ,  3/4-  ,  and  1-inch  seals  and  a  comprehensive  series  of  load 
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teats  and  performance  tests  should  be  conduc  ted  to  demonstrate  the  adequacy  of  the 
design.  Following  this  effort,  the  specifications  should  be  revised  accordingly. 


Stress  Relaxation 


A  previous  section  of  the  report  has  discussed  theoretical  and  experimental  ef¬ 
forts  to  determine  the  effect  of  stress  relaxation  in  flanged  connectors,  The  objective 
of  this  work  was  to  demonstrate  that  flanged  connectors  would  perform  satisfactorily 
with  a  system  storage  life  of  5  years.  Similar,  though  less  extensive,  work  was  con¬ 
ducted  in  relation  to  threaded  connectors. 

It  was  estimated  that  the  high-pressure  (4000  psi)  stainless  steel  threaded  con¬ 
nectors  would  be  more  likely  to  show  the  effects  of  stress  relaxation  than  the  low- 
pressure  (1500  psi)  aluminum  connectors.  Further,  it  was  believed  that  the  3/4-inch 
connectors  would  be  representative  of  ail  the  stainless  steel  threaded  connectors.  Thus, 
typical  assembly  modes  were  visualized  for  a  number  of  3/4-inch  connectors,  and  test 
conditions  were  developed  to  simulate  various  missile  storage  applications. 

It  was  expected  that  stress-relaxation  might  affect  the  performance  of  the  threaded 
connectors  in  two  ways:  (1)  by  reducing  the  axial  force  applied  by  the  nut  and  (2)  by 
reducing  the  radial  force  at  the  sealing  surfaces.  If  the  axial  force  applied  by  the  nut 
were  reduced  (by  relaxation  of  the  nut  or  of  the  connector  flanges),  combined  pressure 
and  structural  loads  on  the  connector  might  result  in  insufficient  residual  axial  load  on 
the  seal,  causing  excessive  leakage.  Relaxation  in  the  seal  as  a  result  of  high  com¬ 
pressive  loading,  or  relaxation  in  the  Ups  of  the  connector  flanges  as  a  result  of  high 
tensile  and  bending  stresses,  might  reduce  the  radial  load  at  the  sealing  surfaces  suf¬ 
ficiently  to  cause  leakage.  Consideration  of  these  failure  modes  led  to  the  decision  to 
use  strain  gages  to  measure  nut  relaxation,  arid  helium  leakage  to  measure  excessive 
reduction  in  radial  sealing  loads. 

Test  Specimens 

Table  67  shews  the  assembly  conditions  for  the  22  test  connectors  used  for  the 
investigation  of  the  effects  of  stress  relaxation.  Each  connector  was  fabricated 
according  to  the  dimensions  in  the  specifications.  Because  stress  relaxation  increases 
rapidly  with  stress,  it  was  expected  that  the  amount  of  initial  nut  tension  would  signi¬ 
ficantly  influence  the  amount  of  stress  relaxation  occurring  in  the  nut.  The  torque 
levels  shown  in  Table  67,  and  the  different  assembly  methods  were  selected  to  produce 
the  levels  of  initial  nut  tension  expected  in  practice. 

The  nut  of  each  connector  is  designed  as  a  spring  to  maintain  the  proper  axial  load 
on  the  connector  despite  connector  thermal  gradients  caused  by  hot  or  cold  fluids.  Thus 
the  measurement  of  strain  in  the  nut  was  an  ideal  means  of  determining  the  effect  of 
stress  relaxation  on  the  axial  load  produced  by  the  nut.  The  nut  consists  of  three  najor 
sections:  (1)  the  threaded  portion,  (2)  the  inward  projecting  nut  ring,  and  (3)  the 
relatively  thin  nut  hub  which  connects  the  ring  and  the  threaded  portion.  While  the  ring 
and  the  threaded  portion  contain  large  hoop  strains,  the  nut  hub  is  subjected  for  the 
most  part  to  axial  strains,  and  the  strain  gages  were  located  on  the  nut  hub. 
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TABLE  67.  ASSFMRI  Y  CONDITIONS  FOR  3/4 -INCH,  STAINLESS  STEEL  CONNECTORS 
FOR  STRESS- RELAXATION  TESTS 


Specimen 

Assembly  Condition 

Assembly  Method 

Nut 

Lo;a, 

lb 

Helium  Leak  Rate  on 
Assembly,  atm  cc/ 
sec  per  inch  of 
seal  circumference 

l<a> 

Typical  preload 

Open-end  wrench 

5075 

2.2  x  10'8 

2<a) 

Typical  preload 

Open-end  wrench 

4830 

0.5  x  10‘8 

3(a) 

Typical  preload 

Open-end  wrench 

4400 

(c) 

4 

Min  torque,  100  ft -lb 

Open-end  torque  wrench 

5100 

(c) 

5 

Min  torque,  100  ft -lb 

Open-end  torque  wrench 

7450 

3.2  x  10'9 

6 

Min  torque,  100  ft -lb 

Open-end  torque  wrench 

3230 

4.9xl0‘1(d) 

7(a) 

Typical  preload 

Open-end  wrench 

4630 

1.4  x  10'8 

8(a) 

Typical  preload 

Open -end  wrench 

4370 

0.48  x  10  ~9 

g(a) 

Typical  preload 

Open-end  wrench 

7800 

2.2  x  10~8 

10 

Max  torque.  116  ft -lb 

loc  Rite  torque  wrench 

7080 

0.66  x  10  ~9 

11 

Max  torque,  116  ft -lb 

Loc  Rite  torque  wrench 

8830 

(C) 

12 

Max  torque,  116  ft-lh 

Open-i  r.J  terque  wrench 

9050 

(c) 

13 

Max  torque,  116  ft -lb 

Open-end  torque  wrench 

10380 

2.6  x  ln"9 

14 

Max  torque,  116  ft -lb 

Open-end  torque  wrench 

7480 

(c) 

15 

Max  torque,  116  ft -lb 

Open -end  torque  wrench 

7860 

(c) 

16 

Max  torque,  116  ft -lb 

Open -end  torque  wrench 

5370 

1.2  x  10'8 

n 

Max  torque.  116  ft -lb 

Open-end  torque  wrench 

6420 

0.  9  x  10‘9 

18 

Max  torque,  116  ft -lb 

Open -end  torque  wrench 

7340 

0.  69  x  10"9 

19 

Max  torque,  116  ft -lb 

Open-end  torque  wrench 

7150 

0.48  x  10'9 

20<b> 

Max  torque,  116  ft -lb 

Open-end  torque  wrench 

7370 

1.  1  x  10'8 

2 1  (b  > 

Max  torque,  116  ft -lb 

Open -end  torque  wrench 

7740 

(c) 

22(b) 

Max  torque,  116  ft -lb 

Open-end  torque  wrench 

9930 

4.7  x  10'8 

(a)  Nut  was  tightened  to  achieve  approximate  desired  strains  in  nut. 

(b)  Nut  threads  were  electropolished. 

(c)  No  leakage  could  be  detected. 

(d)  Connector  was  left  on  test  even  though  measured  leak  rate  was  excessive  on  assembly. 
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One  gage  was  placed  on  each  of  three  of  the  six  nut  flats  midway  between  the  ring 
and  the  threaded  portion.  Although  it  would  have  been  desirable  to  place  the  gages  on 
alternating  nut  flats,  this  would  have  prevented  proper  tightening  of  the  nut  with  a 
wrench.  Thus  two  of  the  gages  were  placed  on  adjacent  nut  flats. 

The  gages  on  each  nut  were  calibrated  before  the  connectors  were  assembled. 
This  was  done  by  loading  each  nut  in  a  tensile  machine  and  reading  each  gage  at  load- 
level  increments.  This  method  was  used  to  circumvent  the  effects  on  the  measured 
strains  of  triaxial  stresses  in  the  nut  and  minor  variations  in  strain-gage  locations. 
Table  68  shows  the  increment  of  strain  for  each  gage  at  the  major  tensile  loads. 


Test  Conditions 


Three  types  of  tests  were  selected  to  represent  various  types  of  storage  systems: 
(1)  static,  (2)  static  with  constant,  maximum  system  pressure  and  end  loading,  and 
(3)  static  with  periodic  stre  ss  -  re  ve  r  sal -bending  cests.  These  tests  also  represented  in¬ 
creasing  probability  of  connector  leakage. 

Each  connector  for  the  static  relaxation  test  was  equipped  with  a  flange  at  one  end 
and  a  welded  closure  at  the  other.  The  flanged  end  was  mounted  tc  a  manifold  that  was 
connected  to  a  source  of  4000-psi  helium.  When  the  leakage  of  the  connectors  was 
checked  periodically,  the  manifold  was  pressurized,  and  anO-ring  scaled  vacuum  cham¬ 
ber  was  slipped  over  each  connector.  A  helium  mass  spectrometer  connected  to  the 
vacuum  chamber  was  used  to  measure  the  leakage  of  the  connector. 

For  the  static,  full-load  tests,  each  connector  was  mounted  to  a  manifold  similar 
to  the  static  test  connectors.  In  addition,  the  closed  end  of  each  connector  was  attached 
to  a  hydraulic  cylinder.  For  the  duration  of  the  test,  the  manifold  and  the  connector 
were  kept  pressurized  by  4000-psi  helium,  and  the  hydraulic  cylinders  were  kept  pres¬ 
surized  to  exert  a  constant,  maximum  axial  structural  load  on  the  connectors.  For  per¬ 
iodic  leakage  measurement,  the  hydraulic  cylinders  were  disconnected  and  a  vacuum 
chamber  was  slipped  over  each  connector  and  helium  leakage  was  measured  with  a  mass 
spectromete  r. 

Each  connector  subjected  to  the  dynamic  tests  was  assembled  as  part  of  a  canti¬ 
lever  beam  to  fit  the  stres  s  -  re  ve  r  sal -bending  equipment  used  during  Contract 
AF  04(611,-9578.  The  connectors  were  maintained  in  a  static  condition  without  load  un¬ 
til  the  periodic  checking  period.  At  that  time,  each  connector  was  subjected  to  200,000 
cycles  of  stress-reversal  bending  and  each  connector  was  leak-checked  with  the  helium 
mass  spectrometer. 

Leak  checks  and  dynamic  tests  were  conducted  at  1 ,  5,  9,  and  24-month  intervals. 
Also  at  these  time  intervals,  strain-gage  readings  were  made  with  no  load,  with  internal 
pressure,  and  with  internal  pressure  plus  axial  tension  loading. 
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Teat  Results 


The  tubing  of  one  connector  broke  during  the  last  stre ss  -  reversal -bending 
"exercise"  and  it  was  not  possible  to  leak-check  this  connector.  However,  none  of  the 
remaining  21  connectors  showed  an  increase  in  helium  leakage  during  any  test  above  the 
values  measured  on  initial  assembly.  In  fact,  in  most  cases  it  was  not  possible  to 
detect  any  leakage. 

After  the  strain-gage  readings  were  taken  at  the  24-month  interval,  an  examina¬ 
tion  of  the  readings  showed  variations  which  were  not  explainable  by  the  action  of  the 
fitting  structure,  A  discussion  of  this  problem  with  a  Battelle  -  Columbus  specialist 
led  to  the  conclusion  that  changes  in  the  resistance  of  the  lead  wires  during  the  2 -year 
period  had  introduced  excessive  reading  variations.  Since  the  total  change  in  nut  tension 
was  the  measurement  of  primary  interest,  it  was  decided  that  the  purposes  of  the  test 
would  still  be  met  if  strain-gage  readings  were  taken  before  and  after  the  disassembly 
of  each  connector.  These  strains  could  then  be  compared  with  the  strains  developed  on 
assembly  to  determine  the  relaxation  in  each  nut. 

Table  69  shows  the  tests  conducted  with  each  connector,  the  strains  measured  by 
each  ';age  on  assembly  and  on  disassembly,  and  the  estimated  initial  and  final  axial 
loads  on  each  nut.  Of  the  22  nuts  involved,  six  showed  an  increase  in  average  strain. 
This  resulted  when  a  strain  gage  that  read  low  on  assembly  indicated  an  increasingly 
higher  value  during  the  2  years,  closer  to  that  read  with  the  other  two  gages.  Of  the 
remaining  16  connectors,  the  average  strains  for  three  connectors  decreased  less  than 
10  percent,  seven  decreased  less  than  20  percent,  and  four  decreased  less  than  35  per¬ 
cent,  Of  the  remaining  two  connectors,  the  average  strain  for  one  decreased  about  45 
percent,  and  that  for  the  other  decreased  about  70  percent.  In  general  it  was  found  that 
the  nuts  with  the  highest  initial  tensile  load  showed  the  largest  reductions  in  strain.  If 
the  initial  tension  was  above  the  required  minimum  of  5690  pounds,  the  residual  tension 
was  within  20  percent  of  the  required  minimum.  The  one  exception  was  the  connector 
that  experienced  a  70  percent  reduction  in  tension  to  give  a  residual  tension  of  2580 
pounds.  These  results,  combined  with  the  fact  that  no  connectors  exhibited  increased 
leakage  during  the  2-year  test  period,  indicated  that  stress  relaxation  is  not  a  source  of 
leakage  in  threaded  connectors  during  2  years  of  storage.  Since  the  rate  of  stress  re¬ 
laxation  reduces  on  a  log-log  basis  with  a  reduction  in  stress,  it  is  believed  that  the  suc¬ 
cessful  2 -year  -  storage  tests  indicate  that  the  connectors  will  be  satisfactory  for  a 
5-year-storage  period. 


TABLE  69.  MEASURED  STRAINS  AND  AXIAL  NUT  LOADS  FOR  3/6-  INCH  STAINLESS  STEEL  CONNECTORS  BEFORE. 
AND  AFTER  24  MONTHS  STRESS  RELAXATION  TESTS 


Nut  Strain,  Nut  Strains 

Kin. /In.,  AMWfrlj.  Hit 

Connector  Tvoe  of  Test  6000-Lb  Load  a  b  c 

or 

uZl&i. 

Av. 

Eat.  Nut  Strelna  an 

Axial  OiaaeeMblyi  Kin. /In. 

load*  16  a  b  c  Av. 

Eat. 

Axial 

-LgMa  lfea 

Load 

Change, 

_ Ul  . 

1 

Static,  Loaded 

1192 

1030 

1085 

890 

1008 

3075 

1045 

1025 

890 

987 

4960 

-113 

2 

Static,  Loaded 

1190 

530 

1160 

1183 

938 

4830 

950 

1090 

1085 

1042 

3250 

+420 

3 

Static 

1345 

635 

1143 

1173 

983 

4400 

1040 

1143 

1110 

1098 

4900 

♦500 

6 

Static,  Loaded 

IJ3S 

830 

1730 

900 

1153 

5100 

823 

1360 

863 

1017 

4500 

-600 

5 

Static,  Loaded 

1333 

1410 

2253 

1380 

1682 

7430 

1280 

1580 

1243 

1)68 

6060 

-1390 

6 

Static 

1423 

710 

1073 

515 

767 

3230 

720 

813 

660 

732 

3080 

-130 

7 

Static,  Loadad 

1272 

565 

1280 

1103 

983 

4630 

1005 

1215 

1050 

1090 

5140 

+510 

t 

Static,  Loadad 

1173 

450 

1040 

1075 

833 

4370 

825 

935 

10)5 

938 

4790 

♦420 

9 

Static 

1343 

1210 

2030 

2000 

1747 

7800 

1630 

1935 

1770 

1778 

7930 

♦  130 

10 

Static,  Loadad 

1320 

1505 

1490 

1685 

1360 

7080 

1340 

1485 

1300 

1442 

6350 

-330 

11 

Static,  Loadad 

1200 

1565 

2025 

1705 

1765 

88)0 

1280 

1630 

1473 

1528 

7640 

-1190 

12 

Static 

12S2 

1463 

2690 

1620 

1932 

9050 

1275 

1680 

1023 

1323 

6190 

-?860 

13 

Static,  loaded 

1205 

1590 

2640 

1830 

2020 

10)80 

1210 

2310 

1623 

1713 

8820 

•1560 

la 

Static,  Loadad 

1222 

1135 

2355 

1065 

1523 

7480 

1040 

1330 

935 

1108 

3440 

-2040 

13 

Static 

1170 

1055 

2330 

1210 

1332 

7860 

873 

1030 

650 

925 

4740 

-1120 

16 

Dynamic 

1270 

940 

1400 

1075 

1138 

3370 

800 

1120 

943 

955 

4520 

-030 

17 

1232 

1005 

1650 

)  300 

1318 

6420 

1163 

169) 

111) 

1192 

6780 

♦  360 

IS 

Dynawtc 

1235 

1250 

2150 

1130 

1510 

7340 

745 

383 

46u 

330 

2380 

-4760 

19 

Dynaaaic 

1 288 

1650 

1590 

1360 

1533 

7130 

750 

1580 

1430 

1233 

5840 

-1310 

20 

Static,  Loadad 

17B2 

1  340 

2085 

1300 

1375 

7370 

960 

1843 

1030 

1263 

6020 

-1350 

21 

Static,  Loadad 

1330 

1200 

2640 

1310 

1717 

7  740 

1085 

1640 

114) 

1290 

3820 

-1920 

22 

Static 

11/3 

1420 

2915 

1300 

1945 

9930 

1300 

1893 

1355 

1517 

7  740 

-2190 
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VI 


CONCLUSIONS  '  ND  RECOMMENDATIONS 


Many  conclusions  and  recommendations  have  been  given  in  different  parts  of  the 
report.  The  major  items  are  repeated  here  in  three  categories:  (I)  aluminum  flanged 
connectors,  (2)  stainless  steel  flanged  connectors,  and  (3)  threaded-corrector  support. 


Conclusions 


Aluminum  Flanged  Connectors 

(1)  An  effective,  computerized  procedure  has  been  developed  for  designing 
AFRPL  flanged  connectors  for  aluminum  tubing  systems. 

(2)  Satisfactory  qualification  tests  have  been  conducted  for  100-psi,  200-psi, 
and  500-psi  connectors  through  16  inches  in  diameter,  and  for  1000-psi 
and  1 500-psi  connectors  through  3  inches  in  diameter, 

{3)  Additional  qualification  teste  are  required  for  selected  performance 
aspects  of  1000-psi  and  l 500-psi  connectors  through  16  inches  in 
diameter. 

(4)  Additional  test  data  are  required  concerning  the  maximum  stress  level 
that  can  be  permitted  for  all  3-inch  connectors  in  a  vibration  mode. 


Stainless  Steel  Flanged  Connectors 


(1)  An  effective,  computerized  procedure  has  been  developed  for  designing 
AFRPL  flanged  connectors  for  stainless  steel  tubing  systems. 

(2)  Satisfactory  qualification  tests  have  been  conducted  for  pressures  of 
6000  psi  for  sizes  through  3  inches  ir.  diameter,  and  for  pressures  of 
100  psi  for  sizes  through  8  inches  in  diameter. 

(3)  Additional  qualification  tests  are  required  for  selected  performance 
aspects  for  pressures  through  1500  psi  and  for  sizes  through  16  inches 
in  diameter. 

Threaded- Connector  Support 

(1)  Stress  relaxation  is  not  expected  to  cause  leakage  in  AFRPL  threaded 
connectors. 

(2)  The  seal  retention  and  misalignment  limitation  concepts  developed  and 
evaluated  during  the  program  are  not  practical  for  the  purposes  of  the 
AFRPL  connector. 
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(3)  The  radial  sealing  load  should  be  increased  for  the  seals  for  the 
1/2- ,  3/4-,  and  1-inch  stainless  steel  connectors.  Promising 
approaches  have  been  determined. 


Recommendations 


Aluminum  Flanged  Connectors 

(1)  It  is  recommended  that  specifications  be  prepared  for  100- psi, 

200-psi,  and  500-psi  connectors  through  16  inches  in  diameter, 

and  for  1000-psi  and  1500-psi  connectors  through  3  inches  in  diameter. 

(2)  It  is  recommended  that  additional  qualification  tests  be  conducted 
to  investigate  the  following  performance  features  of  the  1000-psi 

and  1500-psi  connectors  through  16  inches  in  diameter:  (a)  deformation 
characteristics  of  the  seal  structure  and  (b)  resistance  of  the  con¬ 
nectors  to  pressure-impulse  cycles. 

(3)  It  is  recommended  that  additional  vibration  tests  be  conducted  with 
3-inch  connectors  to  determine  an  appropriate  stress  level  for  a 
minimum  life  of  200,  000  cycles. 


Stainless  Steel  Flanged  Connectors 

(1)  It  is  recommended  that  specifications  be  prepared  for  pressures 
through  6000  psi  for  connector  sizes  through  3  inches  in  diameter, 
and  for  pressures  of  100  psi  for  sizes  through  8  inches  in  diameter. 

(2)  It  is  recommended  that  additional  qualification  tests  be  conducted 
to  investigate  the  following  performance  characteristics  for  con¬ 
nectors  for  pressures  through  1500  psi,  and  for  sizes  through 

16  inches:  (a)  initial  sealing  reliability,  and  (b)  resistance  to 
thermal  gradients. 

(3)  It  is  recommended  that  dimensions  be  developed  for  the  remaining 
connectors  listed  on  page  152. 


Threaded  Connector  Support 

(1)  It  is  recommended  that  a  seal  retention  concept  be  investigated 
on  the  basis  of  the  preseating  of  the  seal  in  one  of  the  connector 
flanges  prior  to  assembly  of  the  connector, 

(2)  It  is  recommended  that  the  assembly  procedures  of  the  AFRPL  con¬ 
nector  include  the  requirement  that  the  parts  be  sufficiently  aligned 


192 


and  free  on  assembly  to  permit  the  seal  disks  to  be  placed 
completely  within  the  flange  cavities  and  the  nut  made 
fingertight. 

(3)  It  is  recommended  that  a  program  be  initiated  to  select  the 

best  designs  for  stronger  1/2- ,  3/4-,  and  1-inch  stainless  steel 
seals,  and  that  the  adequacy  of  these  designs  be  demonstrated 
by  qualification  tests. 
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RELAXATION  DESION  Or  SEPARABLE 
TUB*  CONNECTOR* 

by 

L.  M.  Cassidy,  K,  C.  Rodabaugh,  D.  B.  Roach, 
and  T.  M.  Trainer 
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Tha  design  of  aaparabla  lube  connaclofa  for  operating  below  thi  Urapt rature 
which  products  significant  craap  of  tha  metal  uaad  la  the  connector  may  be  bated  cn 
conventional  algetic  analyala  mat  hod  a.  Tor  example,  tha  ABM*  Unfired  Prtaaura 
Vassal  Co  da  ^ )  gives  a  widely  accepted  mat  hod  for  designing  bolted- flanged  joints, 
including  an  approximation  of  thti  required  bolt  load  and  an  alaatie  analysis  of  tha 
flanges  to  inaura  adequate  flanga  atrangth  for  carrying  tha  raqulrad  bolt  load. 

Evan  at  tamparaturaa  where  cravp  doac  not  occur,  tha  daalgn  of  a  coavaatioaal 
aaparabla  tuba  connector  la  not  almply  a  atrangth  problem,  since  tha  usual  critarlon  of 
fallura  ia  leakage  and  leakage  may  occur  without  nacaaaarily  over ttraaaing  any  pari  of 
tha  connactor.  la  practlca,  convantional  connactora  ara  Initially  loadad  (tlghtanad 
bolts  in  a  boittd-flangsd  connactor,  tlghtanad  nut  ia  a  threaded  conaactor)  ao  that  tha 
elastically  atorad  forest  in  tha  connactor  are  aulflcient  to  ptivaat  separation  of  the 
connector  part  a  dus  to  tha  aubasquentty  applied  aervlca  loads  arising  from  intarnal 
prsssurs  or  losda  on  tha  sttachsd  pips  or  tubing.  Accordingly,  not  only  tha  stresses 
but  also  tha  strains  or  displacamsnta  ara  significant  in  counactor  daalgn. 

At  ops  rating  tamparaturaa  whtra  significant  craap  occurs,  tha  daalgn  mathod  for 
tha  connactor  rnu  •  lake  Into  account  tha  relaxation  of  tha  alastically  atorad  forcaa 
which  occur  as  a  result  of  tha  plastic  flow  of  tha  matal  components.  In  bolted- flanged 
joints  designed  In  accordancs  with  tha  ABM*  Code*1),  this  r  a  taxation  affact  la  takan 
Into  account  in  an  lndlract  and  appro xl mats  manna r  by  tha  uaa  of  allowabla  stresses 
which  ara  bassd  on  craap  or  ttreee-to- rupture  properties  of  tha  malarial.  These 
aUowabls  stresses,  howavar,  do  not  nacaaaarily  raflact  tha  relaxation  charactariatlca 
of  bolted- flanged  joints  in  ganaral,  and  uaa  of  tha  mathod  may  rasult  in  excessively 
conaarvativa  daalgn  or  inadsquat#  performance  ovar  tha  daalrad  sarvics  Ufa. 

Tharehava  baan  pravious  diacusaiona  and  aimplifiad  laslyiir^^^^'^^of 
ralnxatlon  in  boltad  joints.  Unfortunataly,  a  practical  solution  considering  primary 
craap  doss  not  appaar  to  have  been  developed.  Tha  mathod  of  analyala  praaantad  in  this 
report  ia  lntsndad  aa  a  workable  approach  to  tha  daalgn  of  aaparabla  tuba  connactora  at 
tamparaturaa  where  craap  or  relaxation  occurs. 

Tha  only  known  published  da*  a  on  the  a  leveled- temperature  tasting  of  aaparabla 
connactora  In  ordar  to  study  laakaga  la  a  vary  comprehensive  sat  of  tasted*?*  10)  by  tha 
British  Pips  Flanges  Research  Committee  on  bolted-flang «d  joints.  Tha  results  of 
these  teats  indicate  a  definite  relation  between  tha  time  to  laakaga  and  tha  temperature. 
However,  tha  result*  are  not  amenable  to  a  theoretical  analyala  because  of  tha  lack  of 
sufficient  apaciman  craap  or  relaxation  data  on  tha  materials  uaad  in  tha  teat. 

Material  properties  ara,  of  courae,  interrelated  with  tha  daalgn  procedure. 
Accurate  information  of  material  properties  (such  aa  yield  strength,  modulus  of 
elasticity,  and  craap  or  relaxation  rate*)  are  needed  to  apply  tha  design  procedure. 
Accordingly,  thia  report  includes  a  dlacueeion  of  material  properties  and  tabulation  of 
props  rtiee  for  various  materials  with  daairabla  high- tempo  ratura  properties.  The  sec¬ 
tion  of  tha  report  on  material  properties  laada  to  a  selection  of  an  optimum  material  for 
uaa  in  connector  daalgn  for  aaroapaca  application  at  1440  F  operating  temperature. 


aiMHAJU 

Materials  war*  evaluated  for  uaa  at  1440  F,  with  tha  result  that  Rena  41  la  the 
material  choice  for  the  connactor  design.  Rena  41  la  equivalent  in  atrangth  to  tha 
other  candidate  materials  at  1440  F,  and  ha  a  a  greater  amount  of  data  available.  In 
addition,  Rena  41  la  readily  available  and  has  seen  considerable  research  and  service 
experience.  Nevertheless,  the  lack  of  a  suitable  family  of  craap  curves  at  1440  F  lad 
to  tha  recommendation  that  craap  or  relaxation  data  be  generated  for  Rena  41. 

With  tha  expectation  that  relaxation  data  will  not  ba  available  for  moat  mats  rials, 
tha  design  mathod  is  directed  primarily  toward  tha  utilisation  of  craap  data,  with  a  dis¬ 
cussion  on  the  use  ot  relaxation  data.  Tha  widespread  acattar  in  craap  data  aa  wall  ao 
possible  secondary  effects,  such  as  those  dlecuesed  in  Appendix  C,  lad  to  tha  uaa  of  a 
daalgn  factor  of  safety. 

The  design  procedure  utilises  tha  steady-state  or  powar  law  of  craap  with  an 
assumed  xaro  time  reduction  in  etreae  to  account  for  primary  creep.  This  approach  ia 
conaarvativa  for  short  times,  tha  degree  of  conservatism  depending  upon  tha  amount  of 
primary  craap  exhibited  by  tha  material  at  tha  daalgn  temperature.  A  comparison  la 
shown  for  predicting  relaxation  from  craap  data  for  various  c  rasp  theories. 

Both  belled-flanged  and  threaded  connectors  ara  included  In  tha  relaxation  daalgn, 
and  sen. Me  calculation*  ar*  provided  to  Illustrate  tha  design  mathod  for  each  type  of 
connector,  Tha  affact  of  temperature  differentials  and  external  loads  on  tha  laakaga 
pressure  is  considered.  Secondary  affects  such  aa  atrea*  concentrations,  craap 
banding  of  bolt,  dynamic  creep,  gasket  craap,  and  flanga  rotations  ara  discussed 
briefly,  but  ar*  not  included  as  an  integral  part  of  tha  design  procedure. 

The  design  mathod  >a  aultabla  for  hand  calculations,  but  could  ba  expedited  and 
easily  sdaptsd  for  solution  on  a  higb-apaad  computer.  Tha  optimum  (minimum  weight) 
daalgn  for  a  given  value  cf  laakaga  pressure  can  ba  determined  only  after  calculating  a 
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wide  rang*  of  gaomatriaa.  A  aultabla  .umber  of  calculations  enable*  tha  static**  design 
to  ba  rated  in  accordance  with  various  combinations  of  leakage  presaurs  and  time.  Tha 
detailed  gasket  design  ia  not  considered  herein,  sines  Reference  (II)  ia  quits  compre¬ 
hensive  in  thia  raspact. 

Various  RMthoda  of  uulyiaa  ara  discussed  for  tha  craap  daalgn  of  tuba*.  Tha 
data  available  iMUcate  that  a  suitable  approach  for  the  tuba  daalgn  ia  to  daalgn  for  tha 
tanganllal  (hoop)  atraaa  on  the  basis  of  uniaxial  tensile  craap  data. 


On  tha  basis  of  tha  subjact  daalgn  study,  tha  following  recommendation#  ara  mads 
in  support  of  tha  ovar-all  daalga  effort  for  oaparabla  tuba  connectors; 

())  Craap  and/or  ralaxatlon  data  on  Ran#  41  at  1440  F,  preferably 
relaxation  data,  should  ba  generated. 

(2)  It  is  recommended  that  a  design  factor  of  safety  of  2.  0  be  used. 

Howavar,  one  or  more  Rena  41  connectors  should  ha  tested  at 
1440  F  in  ordar  to  substantiate  this  factor  of  safsty. 

(3)  Avoid  yielding  of  tha  connector  components  due  to  stresses  incurred 
during  installation. 

(4)  Evan  though  retightening  of  tha  connector  compensates  for  tha  bolt  or 
nut  ralaxatlon,  care  must  be  takan  not  to  incur  excaaelve  deformation* 
in  tha  component  paitr  which  could  lead  to  rupture. 

(3)  In  ordar  to  be  conaarvativa,  tha  cycle  time  should  ba  measured  from 
tha  atart  of  tha  heating  cycle  to  tha  and  of  tha  cooling  cycle. 

(4)  Consideration  should  ba  given  to  various  design  configurations.  For 
example,  looaa-type  bolted  flanges  may  offer  certain  advantages  ovar 
integral-type  flanges  which  would  not  be  realised  in  a  static  design. 


a  m  mean  coefficient  of  thermal  expaneion,  ia/la/*F 

A  ■  area  of  bolt,  gasket,  tuba,  or  flanga,  in* 

c  ■  inner  radiue  of  flange  or  tuba,  in. 

C |  m  coefficient  in  steady- etats  creep  law 

C*  •  coefficient  ia  intercept  atraaa  law 

d  m  outer  radius  of  flanga  or  tube,  in. 

6  m  deflect  on,  In. 

a  ■  moment  arm  for  flange  banding,  in. 

C  ••  normal  strain,  in/ in. 

I  •  strain  rat*  -  ,  in/in/hr 

*  ■  modulus  of  elasticity,  psi 

Fg  ■  bolt  flexibility,  in/ lb 

Fg  »  banding  flexibility  of  the  "bolt"  (threaded  connector),  in/lb 

F y.  ■  flanga  flexibility  at  bolt  circle,  in/lb 

F.  S  ■  design  factor  of  safety 
g  ladlus  to  centerline  „f  gasket,  in. 

h  ■  flange  thickness,  in. 

6  ■  rotation,  radians 

Kg  *  creep  rate  of  bolts,  in/ hr 

Kg  ■  bending  creep  rate  of  tha  ‘bolt"  (threaded  connector),  in/ hr 

Kj.  ■  craap  rata  of  flanges,  in/hr 

L  e  influence  coefficient  from  Page  lit,  Paragraph  UA-47,  of  tha  ASM*  Coda^  ^ 

Lg ,  Ly  ■  affec  tive  length  of  boll  and  flanga,  respectively,  in. 
m  ■  exponent  in  intercept  atraas  Law 

M  ■  flanga  bending  moment  •  Pa,  In- lb 
v  »  Poiaaon'a  ratio 

n  e  exponent  in  .  ..*dy- stats  creep  law 
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■  uniform  internal  prtiiuri,  pat 

■  total  bolt  load ,  lb 


upper  temperature  limit  w*»  subsequently  cKtn|«d  to  1440  F.  Consequently ,  malarial 
prop#  rtiaa  are  avalualad  at  both  1700  F  end  (440  F,  and  a  malarial  aalaction  mada  at 
1440  r. 


•  flexibility  ratio  •  fy/rB 
■  naaibllity  ratio  •  Fg/FB 
-  craap  ratio  •  K^/Kj 

•  craap  ratio  •  K|/KR 

1  ♦  r»  I  t  rr  i  r> 

o  life  factor  •  1  (bolli4«flaa|>4  connector)  or  — —  JL..— .  1  (threaded 

1  *  rK  I  ♦  ♦  ri 


•  normal  atraaa,  pat 


■  tamparatur#  diffa  rantial,  ‘  f 

a  influence  coefficient  from  Figure  UA-M,  ),  Page  144,  Paragraph  UA-S1  of 
th.  ASMS  Cod.'11 


width  of  |t  a'.  •  in. 


Subscripts 


r  a  radial  diraction  In  t>ibe 


Introduction 


At  tlta  initiation  of  the  material*  aurvay,  it  war  apparanl  that  certain  materiel 
propartiaa  war#  of  major  importanca  in  u*t*blt*hmg  tha  optimum  connector  daaign. 
Strength  over  tha  desired  temperature  rang#  *i»  .he  prime  criterion,  la  addition, 
becauaa  of  tha  continued  requirement  to  daaign  apace  vehicle#  with  minimum  weight, 
danalty  (or  atrangth-to-denaity  ratio!  wee  a  major  consideration,  Also,  because 
service  condition#  involve  cycling  from  maximum  temperature  to  room  temperature, 
thermal  ahock,  ambrittlamant ,  and  oaidetlon  wart  alto  considered  important  criteria. 

Of  tha  various  ttrangth  paramatara,  craap  etrength  and  raatatanca  to  relaxation 
ware  conaidared  of  utmoat  importanca.  In  tha  installation  of  a  aaparabla  connector, 
tha  connector  ia  tightened  to  a  given  atreta.  To  prevent  leakage  during  service,  thie 
atraaa  ahould  remain  sufficiently  high  during  tarvica.  Relaxation  or  creep  during 
service  will  tend  to  looeen  the  Joint  and  may  give  rtaa  to  leakage.  In  addition,  good 
rupture  etrength  and  ductility  are  deemed  neceeeery  to  ineure  egainat  complete, 
catastrophic  failure  of  tha  connector.  Also,  becauaa  tha  connector  will  be  installed  and 
lightened  at  room  temperature,  consideration  must  be  gtven  to  thermal  expansion  of  tha 
connector  during  heating  to  tha  maximum  temperature.  Variations  in  thermal  expansion 
of  different  material!  comprising  tha  tubing  and  the  connector  could  lead  to  tightening 
of  tha  connector  and  undue  atrasa,  or  to  loosening  of  tha  connector  and  leakage. 

In  addition,  coneide  ration  was  given  to  tha  availability,  fabric  ability ,  machin- 
ability,  and  weldability  of  the  various  candidate  materials.  Of  particular  importance 
wao  the  general  engineering  "b  aw- how ”  in  the  handling  and  uee  of  the  vartoue  alloys. 
Finally,  since  tha  contractor  ahould  be  capable  of  being  loosened  or  tightened  period* 
icaliy,  coneide  ration  waa  given  to  bonding  or  eelf-weldlng  of  tha  various  candidate 
matarial#  under  eervice  condition#. 


R  ■  room  temperature 


m.v  lal  P rope rt lee 


T  ■  tube  or  design  temperature 
4  ■  circumferential  diraction  in  tuba 


m  banding  moment 
a  intercept  or  aero  time 


a  ■  axial  diraction 


CMIP  AND  RELAXATION 

Creep  and  relaxation  ere  closely  related,  even  though  they  are  not  naceeearily 
interchangeable  in  a  at rese- analysis  problem.  Thaaa  phenomena  play  an  Important 
role  in  the  behavior  of  a  separable  connector  operating  elevated  temperatures,  and 
are  bast  illustrated  by  mechanical  models. 

Creep  if  the  tendency  for  a  material  to  exhibit  time-dependent  atrains  at  a 
constant  atrasa  level,  typical  of  metala  at  elevated  tamps raturea.  Figure  1  shows  a 
typical  creep  curve  (neglecting  tertiary  creep)  and  the  corresponding  Maxwell- Kelvin 
model.  Figure  I  la  obtained  by  superposition  of  the  Maxwell  and  Kelvin  models  of 
Figures  2  and  3,  representing  the  steady- state  and  primary  creep,  respectively.  The 
enclosed  design  procedure  utilises  an  equivalent  Maxwell  model,  shown  as  the  deshed 
curve  in  Figure  1.  The  total  strain  is  made  up  of  an  instantaneous  strain  and  a  time- 
dependent  (steady- state)  strain.  Tha  instantaneous  or  intercept  strain  «Q  includes  tha 
alaatic  atrain  c#  plus  an  additional  strain  Ci0om  which  conservatively  accounts  for  the 
primary  creep  period. 

Relaxation  is  the  reduction  or  relaxation  of  straee  in  time  under  a  constant  strain. 
Clastic  etraine  are  replared  by  creep  strains,  causing  a  progressive  reduction  in 
stress.  The  models  in  Figures  l - i  can  be  considered  relaxation  models  by  assuming  a 
constant  total  strain  rather  than  a  constant  straee. 

Thor#  has  been  considerable  literature  written  on  how  to  predict  relaxation  from 
creep  date,  few  agreeing  on  the  best  creep  theory  to  use.  Although  there  are  vary  few 
teat  data  available  on  tha  earn#  material  to  enable  a  comparison  of  vmrloue  theories, 
Finn  la  and  Keller'7*  made  e  comparison  of  copper  at  145  C  with  an  initial  etrass  of 
13,  900  pet.  Figure  4  shows  that  the  ateady-etate  creep  law  with  tha  intercept  atraaa 
reduction  used  herein  ia  conservative  far  short  timet  and  shows  good  agreement  with 
tha  experimental  result*  for  longer  tlmee.  Of  course,  the  time  scale  would  be  quite 
reduced  for  a  eupornlloy  at  1440  F. 

The  most  basic  term  of  a  separable  connector  would  be  flexible  bolting  in  e  pair 
of  rigid  flange  a ,  in  which  case  the  model  of  Figure  1  would  suffice  for  a  relaxation 
analysis.  The  tlghlMSJ  of  the  joint  would  be  dependent  on  the  ability  of  the  bolt  to 
resist  cresp  deformations.  However,  tha  flange  assembly  can  also  be  rapra tented  by 
a  Maxwell  model  in  parallel  with  the  bolt  assembly.  The  flange  can  increase  or 
decrease  lbs  rate  of  bait  relaxation,  depending  upon  tha  characteristic e  of  the  flange 
geometry.  A  properly  designed  flange  assembly  should  be  superior  to  a  rigid  flange  le 
that  the  flange  elastic  recovery  as  a  spring  will  retard  the  bolt  relaxation. 


As  Indicated  above,  candidate  alloy*  for  separable  connectors  must  have  good 
creep,  rupture,  and  rdmtion  strengths  over  the  anticipated  eervice-temparature 
range.  Good  resistance  to  thermal  shock,  oxidation,  and  embrittlement  during  cyclic 
service  i*  also  required.  These  requirement!  are  almost  identical  to  those  involved  in 
selection  of  alloys  for  turbine -bucket  application  in  aircraft  gaa  turbines.  Turbine- 
bucket  materials,  however,  are  not  selected  on  the  basis  of  relaxation  rneietance, 
although  rupture  strength  and  creep  resistance  are  major  requirenenta.  At  the  present 
time,  turbina- bucket  materials  are  selected  on  the  basis  of  rupture  strength  and 
thermal-shock  resistance.  Thus,  it  was  evident  that  the  requirement*  lor  aaparabla 
connector*  were  sufficiently  similar  to  those  of  turbine  buckets  that  a  summary  of  the 
various  turbine -bucket  materials  would  likely  yield  thoae  alley*  having  the  moat  desired 
combination  of  properties  for  the  design  of  high-temperature  aaparabla  connectors. 

A  Survey  of  published  property  date  for  various  nickel-  and  cobalt-baaed  super- 
alloys  was  conducted.  Emphasis  was  placed  on  creep  and  ru|rture  strength  at  1700  F, 
and  on  short-time  tensile  properties  over  the  asrvics-temperature  range.  A  search  of 
the  literature  revealed  that  relaxation  data  were  not  evsilab'?  f«r  bulk  of  the  alloys 
of  interest.  On  the  basis  of  this  survey,  the  following  alloys  w#re  selected  for  more 
thorough  examination: 

Wrought  Alloys 

(1)  Astroloy 

(2)  Nlmonic  105 

(3)  Nlmonic  115 

(4/  Rene  41 

(5)  Udlmet  700 

(6)  Unitemp  1  75J 

(7)  Weeps  toy 


(I)  GMR  235 

(9)  IN- 100 

(10)  Inco  713C 

(11)  Nlcrotung 

(12)  3M  200 

(13)  3M  302 

(14)  SM  322 

These  alloys  have  the  highest  etrength  at  1700  F.  All  have  been,  or,  are  being  con¬ 
sidered  for  use  as  turbine  buckets  in  gas-turbine  engines.  Not  all  of  thee#  alloys  are 
readily  available,  end  not  all  are  weldable. 

la  addition,  three  more  common,  lower  strength  super  alloy#  on  which  extensive 
experience  in  fabrication  and  usage  is  available  were  studied  for  comparison  purposes. 

These  were: 

( 1 5)  Inconel  X 
(14)  N  155 
(17)  g  416 

Typical  compositions  for  these  17  alloys  are  given  in  Table  1. 


MAIiJM&fat 


At  the  initial  toe  of  the  program,  it  was  thought  that  the  coamector  might  be 
exposed  to  eervice  temps  relures  la  the  range  from  70  F  to  a  maximum  of  1700  F .  The 


The  typical  properties  of  the  17  candidate  alloys  are  given  in  Table  2.  It  will  he 
noted  ia  this  table  that  short-time  tensile  and  rupture  date  were  available  for  the  bulk 
of  tha  alloys.  Creep  data  at  1700  F  were  quite  often  lacking.  Where  creep  date  were 
not  available  at  1700  F,  Information  on  the  creep  etrength  it  lower  temperature*  waa 
Included. 


A- 2 


TAI4.I  \  MOMMA L  COR*ttiTiOM  OF  H7MRAUOYI 


AlMy 

lk«#M 

CM 

c 

0 

C* 

ft 

Ri 

Ms 

• 

Al 

1 

Ti 

V 

am 

AM  Mr 

X 

ft.  H 

no 

l»! 

fesuwes 

10 

- 

4.2 

00) 

4.0 

- 

- 

rwwik  m 

X 

0  IS 

III 

a  o 

- 

•mom 

$1 

- 

4.) 

- 

1J 

- 

Hi  aw  n  III 

X 

- 

- 

- 

• 

- 

- 

- 

• 

- 

- 

- 

IN**' 41 

I« 

ao 

- 

I*  net* 

109 

IS 

ftW 

VI 

- 

i**m  m 

X 

X 

O.M 

ISO 

hi 

- 

l*MSC* 

11 

4.3 

MM 

1) 

- 

U*d*M  IW 

X 

ON 

14.0 

M 

1$ 

•Msecs 

14 

14 

t.« 

a  MO 

12 

001 

*•*•** 

X 

on 

110 

11$ 

- 

Silent 

U 

1.1 

9.000 

VO 

O.M 

- 

OMR  » 

X 

OH 

KO 

- 

IM 

tMMCS 

VS 

- 

1.0 

IN 

29 

- 

- 

Ht  190 

X 

9.11 

>00 

IlC 

- 

•teecs 

10 

- 

S.S 

101$ 

1.0 

0.09 

- 

keep  M)C 

X 

ft  M 

11.0 

- 

- 

Iswxe 

IS 

- 

10 

1912 

0.1 

OK 

7.0  Cl 

Mkimmc 

X 

0  H 

12.0 

10.0 

- 

hMM 

- 

n 

49 

IK 

40 

0.0$ 

M-200 

X 

OH 

10 

ao 

1.1 

Mdse* 

- 

in 

1.9 

0.911 

2.0 

0* 

:  c  2 

KAMI 

X 

OK 

21. S 

•shea 

ftl 

- 

- 

- 

10.0 

o.« 

- 

0.1 

9.0  Tt 

X 

100 

11.1 

Reuses 

IS 

- 

- 

- 

4.0 

- 

0.21 

27$ 

IS  Tt 

IK«*I  X 

X 

O.M 

MO 

- 

2.0 

■Msecs 

- 

- 

0.M 

- 

IS 

- 

1.0  Cl 

RIM 

X 

X 

ft  hi 

21.0 

29.0 

iMtKt 

ao 

14 

- 

- 

- 

- 

1.0  ci. 

2.$  V 

sou 

X 

OK 

S.Q 

*4.0 

ii  Met 

ao 

4.0 

4.0 

_ 

4  0  Cl 

On  Um  bail*  of  yUld  itr««|tk  at  (TOO  F  tad  craap  and  ruptura  atraaftht  at  1700  T, 
it  it  ividanl  in  TaUa  2  that  tha  cut  alloyt  kava  significantly  higher  strength  than  tka 
wrought  alloy*.  Of  tka  IT  candidate  alloy*,  SM  200,  Iff  100,  Nicrotung,  a»d  Udimet 
700  ara  Um  (aighaat  ilraagtk  alloy*  at  1700  F.  Of  tUeee  or*ly  Udimet  700  ia  a  wrought 
material.  Of  Um  wrougM  malar  tala ,  Um  ordar  of  dacraaatog  strength  at  1700  T  may 
b*  li.t ad  aa  Udimat  700,  Nimonic  IIS,  Unite  mp  1791,  Mm  41,  and  Waapaloy. 

In  ganoral,  it  *«a  found  'nit  the  cobalt-baaed  alloy*  ««r*  of  lower  at ra ngth  than 
tha  nickel*  based  alloy*. 


It  will  ba  noted  that  tha  c  vefflv  leiu#  »l  thermal  ttpaniton  of  tha  a*  alloy  ■  war* 
quit#  atmtlar  kn  tha  temperature  range  from  lf>A0  to  1900  F,  l.ikewi*e,  tha  density 
value*  for  the  nlckeUbaae  alloy*  ware  quite  almllar.  The**  alloy*  containing  signifi¬ 
cant  amount*  of  tungaten,  of  court*,  had  altghUy  hlgh*r  density  value*  than  thoaa  con¬ 
taining  llttl*  tungaten.  Because  the  density  value*  war*  ao  similar,  there  wit  lUtle 
merit  In  comparing  the  alloy*  on  a  atr*ngth-to-d«n*ity  ba*!*. 


AUqys  foe  Us*  at  1440  r 

It  an  subsequently  decided  that  the  maaimum  operating  temperature  for  the 
connector  ahould  be  reduced  from  1  700  to  (440  F.  Coniequently ,  a  aurvey  of  Iha 
properties  of  th*  17  alloy*  U*t*d  in  Table  1  wai  made  to  ancertatn  the  moil  promising 
alloy*  at  thio  reduced  temperature.  Tha  propertle*  o(  tha  alloy*  at  1400  and  1900  F 
are  aummariaed  In  Table  3,  Where  poaeible,  value*  at  1440  F  were  interpolated. 
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The  data  given  in  Table  3  ehow  that  th*  wrought  alloy*  compare  more  favorably 
with  the  cast  alloy*  at  th**  temperature  than  they  did  at  1700  f.  It  will  be  noted  that 
on  th*  ba*k*  of  yield  strength  at  1400  to  1900  F,  Rene  41  and  Aetroloy  (Udimat  7')0) 
compare  favorably  with  SM  200  and  IN  100.  On  the  beat*  of  atre**  for  rupture  in  iO 
hour*  at  1400  F,  SM  200,  Udimet  700,  Nimonic  119,  and  Rene  41  have  very  Similar 
strength*.  For  longer  time*  at  1400  F  and  at  1900  F,  Rene  41  compares  less  favor* 
ably  with  the**  other  alloy*.  It  will  b*  noted  that  at  1900  F  and  above,  Waepaloy  ha* 
strength  properties  equal  to  R*ne  41.  In  th*  range  of  1400  to  1900  F,  Rina  41  ha* 
appreciably  better  short-time  tensile  properties  and  higher  short-time  (10-hour)  rup¬ 
ture  and  craep  strength*  than  Waepaloy. 


Mat* rial  Selection 


On  the  ba*>*  of  the  material  properties  cited  in  the  preceding  section,  SM  200, 
Udimet  700,  Nimonic  115,  IN  100,  and  Ren*  4i  appear  to  have  th#  highe at  strength  at 
1440  F.  SM  200  i*  a  cast  alloy  which  i*  used  principally  a*  the  tup  bine  bucket  material 
in  the  J97  engine.  Extensive  experience  in  tta  ua*  and  handling  ha*  not  been  gained  ae 
yet.  In  addition,  it  is  not  normally  conaidared  a  weldable  alloy.  Udimet  700  ha*  gained 
appreciable  usage,  and  many  shop*  are  familiar  with  forging  and  machining  the  alloy. 

It  in  not  readily  rolled  and  i*  not  considered  weldable.  The  Ntmonic*  are  Briiiah  alloy* 
not  readily  available  in  th*  United  State*,  and  ext*n*iv«  data  and  experience  are  not 
available  on  Nimonic  119.  IN  100  ha*  gained  Utile  lomme  rt  isl  at  ceptam  r  ,  and  little 
i*  known  of  the  alloy  other  than  the  properties  <  tied. 

Extensive  experience,  on  th*  other  hand,  has  been  gamed  in  th*  u*c  o!  Rene  41 
Th*  alloy  is  available  aa  forginga,  billet* ,  her,  and  sheet  from  several  sources.  It 
haa  excellent  strength  properties  over  th*  temperature  range  Irom  ?0  u>  1900  F.  In 
fact,  it  was  for  this  temperature  range  that  Rene  41  was  spat  ifically  designed.  It  «*» 
not  designed  to  be  used  at  temperatures  *bov«  I  SOO  F. 


A-3 


>i.i  tlu».  Hi  nr  4  1  was  m-b-.u-d  a  »  i  hr  n.  .1  )irumnm^  material  lor 

h mh  - u  m  iw  r  ain rc  ti  piritih'  .  >m. «•<(•>  r  *.  T*I.U  t  .  Hm  ilir  almi-t-tune-l*  nsilr  and  th«.- 
•  \  « i r  r»- p-  r*ipt  u  re  jirup-  rti*  *  ul  H*n«-  41.  Cunijilrii  I  in  ■"  d^lurmilioit  i  urvrt 
nut  >ng  .  uep  lest.ng  »rr  reqnirtd  in  designing  iu'ni»i'ori  >  r  h  ,gh- temperature  uaa 
T.i  obtain  »p«i  i(i>  data  lor  urn.gn  pur  pot*  t .  «  Umi) y  »l  v  umplet*  iriip.uoii  at  a 
numbf  r  u!  stress.-*  at  I  :•  required.  Su«  h  lurvei  were  not  available  in  I  ha  litara* 

lura.  In  m  at  .  r«« p  tail  .ng  ,  load*  ara  usually  •elect*  1  to  produce  rupture  in  1000 
hour*  or  It  >i  a  .  Sue  h  load  a  can  ra  *ull  in  0  2  to  0.1  pa  .  uni  dsio  r  mat  ion  an  loading.  At 
lower  at  ran  a  levela  wham  stn.tllei  par  taut  deformation  on  loading  occurs,  rupeura 
’  ve ».  of  atv*  ral  thousand  hour  a  will  r«  ault.  Sue  h  te  at  ■  are  at  idom  run  .  arid  il  they  ar  a  , 
i  1 1  in  pit  tr  i  rr»p  data  are  not  r«  ported,  Nevertheless,  a  lew  *  omp.ete  c  rtep  curve*  lor 
Rene  41  in  the  temperature  range  of  inlereat  w*i*  un.overtd  in  Rdt  renter  (12,  1  M. 


in  the  *oiunon-t  reated  c  ondition  (or  welding.  Alter  welding,  the  a*>embly  must  he 
completely  heat  treated.  The  heat  treating  sequence*  re  coin  mended  it  ,u  follow*. 


(lj  Solution  treat  at  1975  F  (or  4  houra,  air  cool 
(21  Stabilise  at  1550  F  lor  24  houra,  air  idol 


(3)  Age  at  1400  F  (or  12  houra,  air  cool, 

This  heat  treatment  ta  recon  nended  lor  Waapaloy.  The  Rene  41  lonneclor*.  when 
•  objected  to  thie  heal  treatment,  will  have  properties  comparable  to  thuee  reported 
he  ra  in. 


Relaxation  data  on  Rena  *1  were  not  available  in  the  literature, 

Rene  4  I  it  a  prac  ipitation-ha  rdengble  me  Uel- b*  »*>  alloy.  The  malarial  ta  usually 
supplied  'nth*  solution-annealed  condition.  Hardening  it  accomplished  by  aging  tha 
alloy  af  1400  or  1650  F.  This  causes  prac  ipitatmn  of  a  c -implex  ntc kel-titantum- 
iluininuni  phase  (called  the  gamma- prime  phase  i  and  produces  excellent  atrergth  over 
the  temperature  range  <il  interest. 

P  cur  4  1  i«  readily  forged  and  >  <>i.  aide  Table  experience  hat  been  accumulated  by 
many  forge  shops  in  woi  king  the  alloy.  Like  moat  high-strength  mi  kel-baac  alloy*. 

Hi  ti>-  4i  work  hardens  rapidly  during  machining  and  it  considered  difficult  to  machine- 
Ic.-ccrlhi'Uii  ,  it  it  ma<  hmed  by  many  ar.  pa  or.  a  product  ion  basis. 


De sign  Props  rt i ea  ol  Rene  41 


Tha  minimum  or  steady-state  creep  rates  are  determined  from  the  master  t  n»ep 
curve  oi  Reference  (14),  shown  in  Figure  5.  The  data  of  Figure  5  are  replotted  in 
Figure  6  for  1440  and  1)00  F  The  straight  dashed  lines  in  Figure  6  aie  a  conse  i  vative 
fit  to  the  data  at  the  two  temperatures.  Th  corresponding  constant#  are. 

At  1440  F, 

C,  -  «.H  x  10-i»  , 


R.-ne  41  is  considered  a  weldable  alloy.  Neve  rthela  at ,  as  is  the  cate  with  all 
hi gh- at  rength  p.vc  ipitat  ion-ha  rdr  nable  all  tya  .  welding  may  be  somewhat  of  a  problem. 
Welding  I.,  the  ».,lut  mis- annealed  c<>nditinn  (the  low- el  rength  condition)  is  recommended. 
Alter  welding,  the  part  should  be  'e  annealed  and  aged  to  obtain  the  prop  rtiea  <  tied. 
Welding  in  the  Mgt-d  condition,  particularly  under  conditions  of  stress,  is  not  recom¬ 
mended  This  m  true  of  all  p'e<  ipitation-ha rd^nable  nickel-base  alloys.  In  general, 
it  ha*  tM.-cn  found  ltc.it  the  greatvi  the  aluminum  plus  titanium  content,  the  higher  i*  the 
strength  and  ;he  more  dtf(i<  nit  ire  the  welding  operations.  The  uaa  of  a  eignii.c antly 
more  wcl>'.\bl<.  material  wilt  tunst  tuently  entail  a  very  appraciabls  reduction  in 
strength  and  a  »i  ib’v  weight  penalty. 


n  «  4.97. 

At  f 500  r , 

Ct  »  1.10x  10“**, 
n  -  4.  B2. 

A  rapid  method  (or  determining  the  constants  C,  and  n  from  creep  data,  uamg  the 
creep  law  t  *  C  [0n ,  is  as  follows: 


I"  w  i  spi'i  if  IV  hr  at  treatments  have  been  developed  (or  Rene  41  one  to  devc.op 
msiiiiiuiii  »hc*rt-timf  strength  snd  one  *o  develop  maxir.ium  long-time  creep  and  rupture 
i length*.  The  lufnu  ;  treatment  involves  solution  treating  at  l95Q  F  lor  4  hours,  air 
■  '  r.g  ,  vid  aging  at  ie>.‘0  F  lor  lb  hours.  This  treatment  yields  good  short-time 
—ili*  pr  'pc  rtic*  and  a»  .rptaMs  10- hour  icips-re  and  <  rt«p  strengths.  The  lattar 
utHw.H,  involving  #,*I*hio«  treating  nt  2150  F  tor  2  hours,  air  cooling,  and  aging  at 
1050  F  iur  4  houra,  produces  somewhat  reduced  ehori-ti  r.c  tensile  properties  but 
significantly  improved  long-time  c  reap  and  rupture  strength.  As  ind  rated  previously. 
Herr  41  should  bo  we  toed  in  the  solution-treated  condition.  Revent  welding  studies 
have  revealed  problems  in  weld  metal  tracking  lor  material  welded  after  the  high- 
temperature  treatment  (2150  F).  The  ufc«  of  the  lower  temperature  ti#»tmrit  <  1950  F) 
has  reportedly  eliminated  weld-metal- c  re.  king  problem*  For  this  teaeon,  a  aolution- 
treatment  temperature  ol  1950  f  and  an  aging  treatment  of  1400  F  are  sacorr... tended. 
With  such  a  heat  treatment,  high  short-time  tensile  properties  and  good  10-hcur  rup¬ 
ture  and  >  reep  properties  will  be  obtained.  A  sacrifice  in  long-time  ertsp  »r>a  rupture 
strength  will  result.  Long-time  strength  is  not  a  prime  requirement  for  the  present 


Determini  the  at  rain  rate  a  j  and  <  2  lor  the  itreiisi  J  j  and  0  ^  .  re  ape « lively , 

F  i  om  the  steady-state  creep  law,  J  \  H  2  ■  (b  1  /  '2)n,  where  n  ic  the  only  unknown ,  and  13 
easily  solved.  Afte  r  calc  ulattng  n,  the  c  onatanl  C  j  >  an  be  dete  r mined  from  «  j  «  C  |  J  j  n . 

The  constants  C ^  and  m  for  the  intercept  strsea  were  obtained  from  the  test  datn 
and  plotted  curves  ol  Reference  (13).  Since  the  intercept  dais  of  Reference  (13)  are  not 
very  consistent,  the  following  constants  are  considc-  red  only  approximate  in  magnitude- . 
This  is  one  reason  for  the  recommendation  that  c  reap  data  be  generated  for  Reno  4  1  at 
1440  F. 

At  1440  F, 

Cl  *  I.  25  x  10”*, 
m  *  1 . 00, 

At  1500  F, 


Rene  41  has  excellent  oxidation  resistance  over  the  specified  service-tempera- 
t  ire  range.  It  is  not  known  to  become  embrittled  in  this  temperature  range.  While 
ot'paruttve  data  on  -siatancy  to  thermal  shock  are  not  available,  it  ,*  believed  that 
•be  all*  .  hae  *ompa  table  or  benier  resistance  to  thermal  shock  than  the  other  candidate 
mater  .sis. 


F’lally,  it  s  not  anticipated  that  Rene  41  will  show  a  tendency  to  bonding  or 
o«it  welding  duiing  service-  Alloys  which  contain  appreciable  amounts  of  chromium, 
aluminum,  and  titanium  are  ex*  eedmgly  d'fficult  tj  bond,  bonding  is  accomplished 
only  m  atmospheres  capable  of  reducing  the  stable  spinel-type  oxide  on  the  surface  of 
the  allo>  a  id  under  conditions  ol  high  temperature  ,  high  t  ress,  and  relative  metal 
flov  at  malmg  surla  ea.  Consequently  ,  self- weeding  c  f  connectors  ol  this  alloy  is  not 
to  be  e  xpet  ted.  Jt  stn.  king  ol  the  •  onne*  tor  is  ern  ounte  red ,  oxidation  of  the  mating  aur- 
fu*rs  of  the  iOnne*tor  slwj  «ld  reduce,  if  not  eliminate,  ths  problem.  Heating  the  con- 
nf.  to'  *1  about  1B00  F  in  an  atmosphere  containing  a  low  oxygen  content  should  produce 
t  ham,  thin  oxid«  layer  whi*  h  a  exc  eedmgly  diilnuli  to  rrmovc.  Such  an  oxide  film 
shu.ild  prevent  »e  LI'- w  elding  of  the  connertor.  11  aell-bonding  persists,  the  deposition 
a  very  thin  layer  <jf  titanium  .►»  alununym  on  the  mating  surfaces  of  th*  *onnector  is 
tr  ommended.  T r,e  thm  film  should  be  diffused  into  the  connector  ai.d  oxidised  by 
Ueat'Hg  to  high  tempe  ••sluraa  .  »>  h  a*  aol-Kion  treating  at  1950  F  This  should  prevent 
v  ll-w  I'ldihg- 

In  summctinn,  Kenc  41  ha«  bren  selec  ted  as  *i>#  material  pf  construction  for 
i.iyh-irmperature  separable  *  "ninl-ts  operating  from  room  temp*.**tura  to  1440  W 
OrUir  vill.rr  rkluyS  have  hstter  c  rsep  *•  re  nglh  t  he  n  ilt.n  41.  however,  the  combina¬ 
tion  i.*l  )<r-  pc  .ties  c»bt*n>4ble  in  Rene  41,  as  well  as  the  availability  and  experience 
gamed  on  «,■»*>  ail.>y.  nrvnjlv  r*c*»mmends  it 


fV»»s  eurvey  and  the 
••g  rust*  rial  ihat  w*.»l  be 


c  ommendation*  we.e  made  with  limited  knowledge  of  the 
lined  with  me  Rene  4 1  ror.net  toi.  !(  ins  connector  is  to  be 
w**<Hd  i.i  th<  tubing ,  knowledge  pf  me  lubin"  material  »•  -squiref".  before  the  weldabtl.ty 
*nrt  tr,*  .  vi.up*t«h.)iiy  t,f  '.'ce  tonne  tor  srd  the  tubing  .an  b«  a  act  rtamed.  Welding 
diSSim.'iar  msipnals  is  ultrn  a  :na)*jr  problem.  >.hi(»  it  >s  »»o*  the  purpose  ic*r«'n  to 
self ,  t  *  1  ,,h,  ng  mate  r  •  dl ,  .  ')  ■  a  1  ox  r  at  ion  was  given  to  vie  ioos  tubing  mate  rials  *  apable 
if  onmg  einpl  .yed  with  Wen*'  4‘  mni.f  *  **.  Rene  41  tubing  is  uni  urrenMy  c Uin- 
niv  *'•  .4  ,  i\  «vt.!Hbir  The  h»j,*h-  tempi  *  st  -  tubing  mpta  1  xls  c  a  pa  b»*  of  being  employed 
i*  ih.s  appl  *  at  to'*  Sid  cci*r«*»li>  >  ...mn  .*  ly  Available  are  Intone!  X.  Hattefloy  X 

li i .  o in.  1  7l*  and  WrtBpah.y.  imuntl  X,  Haeteiluy  X  md  Jn »«..»*#  1  712  are  >f  significantly 
oiMt  rr,!  .  it  *an  *h»i>  Wine  4  i  Jr*  addition  these  all  *y  !■  hiv„  aigmf  tranll  y  lower 

die  •  W  f  th*  ili*  sign  temperature  ch*n  R.'o*  il,  amt  the  beat  » reatmvit  »  err.p-f-yed  to 
,l(,,.gthcn  Ihtir  ar*  not  cc*mp*»*blt  with  that  t  r*  imunended  for  H*o  4i  in 

Vkaspa).*,  is  quite  situ. la*  <r.  ..-n,  j*  «.  mji  t-i  Rene  4  I  ,  and  ha*  similar 
phvsict:  .1  m*>  *  haul'.  A  l  pr..psrts*s.  T*r  h#»t  ireaim*  n!  uf  id*-n<  4i  *s  .ompatibh  w  ;ih 


,  'A 


S  *  pa  iuy  I  -ib  l<*g  1 


>c-  \  » 1  blr 


s  *!*•>  tf«*  R  ■  * . 
1  h..*».  th. 


.*'!  •  1.  ;  i  .ie  tatc.wi  as  .  he  tubitig 
isi  a  i  d  the  i  i.imrc  tor  should  b- 


C2  ■  3.93  x  10“M, 

m*  1,57. 

The  design  uaU  for  Ren*  4t  at  1440  F  and  1500  F  are  plotted  in  Figure  7  for 
various  stress  levels. 

Other  design  oropertins  of  Rens  41  .yr«  obtained  from  Tables  2  and  3 
The  yield  st  rength  ■  '20.000  p*i  at  70  F, 

*>y  ■  103,000  psi  At  1440  F  , 
j  m  97,000  psi  -1  1500  F. 

y 

The  modulus  of  clastic  ity  £  •  32.  0  a  1  0^  psi  at  70  F, 

£  j  *  24.  4  *  10b  at  1440  >  , 

•  j  »;,4.0*  I04  psi  at  1500  F. 

The  mean  cosll.v  ’ent  of  thermal  expattw'.on  a  ■  8.  3  x  1 0”  ^  in/  in/  *  F  at  1440  V  , 

-i  ■  8.  5  x  1 0"*  in  /  in/  *F  at  1500  F. 


DLS1QN  PROCLUUR1 


Basis  for  Design  Fro«.  a  dure 


T3«  design  procedure  cono<d*-rk  only  the  eiattu  And  c  reep  behav ior  of  the  bolts 
and  flange  assembly  Seconder*  effects  such  as  flange  rotation  due  to  internal  pressure, 
c  reep  of  the  gasket  .  c  reap  tv  the  thread*  ,  <  reep  bonding  of  the  bolt  ,  and  dynamic  c  rer,. 
are  not  included  in  the  design  procedural,  but  are  discussed  ;n  Appendix  C.  The 
dertgn  factor  't  safety  is  intended  to  account  'or  these  secondary  effects  .»  addition  to 
the  atelier  >*.  ma.criel  piopsrtie* 

The  gesie*  (seal)  leaig.-i  ter  mechanical  fitting#  is  not  included  in  the  design  pro 
*  edvre  ,  but  1  •  discuSSrd  in  Ref*  re  nr#  111),  whe  r#  a  vac  <  one  iud«d  that  pi  a*t  1 .  yielding 
of  tea!  surface#  is  desirable  for  effective  sealing .  An  initial  testing  stress  as  high  as 
’  75  ttrr.es  the  yield  strength  of  th*  metal  g*ek**  materiel  v.i  ,  onsidrrrd  tin  nsoy  to 
achiev**  the  desired  degree  o.  ,  1 « Id  1  ng  in  r>rde;  *o  keep  the  leakage  rate  of  he .  1  uin  be  love 
lh»  if  c  r-u  1  .e  -  1  1  ’ 
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For  an  intdg  ral  -type  flange, 


tl  it  uiumiil  that  (ha  bolt*  art  flexible  lompared  \o  the  gasket  <n  order  that  th# 
4|)plu  iiion  of  intarnat  pressure  result*  in  negligib1*  bolt-load  changes.  It  *»  not  nec  - 
•>tiry  that  the  gasket  ba  the  only  load  path  through  lha  assembly. 

1  he  design  proi  edura  ta  intended  primarily  a  a  method  for  >  iliuliting  relaxation 
of  the  lonnaitor  aeatmbly,  and  duet  not  include  a  failure  analysts  of  the  lompontnt 
part*.  It  <•  Miumed  that  the  material  poeeeeeee  sufficient  ductility  to  withatand  the 
progressive  deformation  incurred  if  the  connector  assembly  it  rettghtened  after  each 
»  y>  1*.  Varmue  method*  of  analyeie  available  (or  predicting  the  tuba  atrama  art  dis- 
\  iiiied  in  Appendix  D,  These  method!  are  intended  for  the  tube  deeign  at  locations 
•  iff  >c  le.itly  removed  from  dieconlinuittea  auch  ae  the  connector  aaaembly. 

The  detailed  design  procedure  for  bolted- flanged  and  threaded  connectors  ta 
den  nbed  itrp-by-itep  for  the  purpose  of  ubla‘ning  a  curva  of  leaka^w  praiaure  veraua 
time  (or  *  time  to  leakage  for  a  specific  value  of  the  design  pressure),  The  effecta  of 
extern*!  load*,  temperature  differentials,  and  retightttmng ,  and  the  use  of  relaxation 
data  are  divinised  is k  irately  from  the  uantc  design  procedure. 

The  equation*  used  in  the  design  procedure  an  derived  in  Appendix  A. 


Bolted- Flanged  Connectors 


The  basic  design  procedure  for  a  bolted- flanged  i  onnictor  connate  of  nine  specific 
step*  in  order  to  arrive  at  «  .curve  of  leakage  prceeure  vereue  i.mc.  Figure  8  ihewi  a 

lypiv  al  fl.tngc  geometry. 


(1)  Peeign  Conditions 

Establish  the  design  temperature,  dsetgn  pressure,  nominal  connector  diameter, 
tube  geometry,  life  requiremente ,  and  temps  retort  differential*, 


.(*2 _ y  affial  H  roper  tie* 


Determine  the  yield  strength  Oy  and  the  modulua  of  alaettcity  E  at  both  room  tem¬ 
perature  and  the  drsign  temperature,  and  the  coefficient  of  thermal  expansion  a  at  the 
design  temperature. 

From  a  family  of  creep  curves  at  the  deeign  temperature,  determine  the  conatanta 
Cj,  Cj,  m,  sod  n  to  fit  the  fo. lowing  equation: 

« • ♦  ci0om  ♦  ci*o*  >  • 

The  creep  constants  should  be  selected  to  give  the  beat  fit  to  the  experimental  data  in 
the  rang*  of  stress  level*  expected  in  the  deeign*. 


(1)  AS  ME  Code  Lh.itn 


rF 


'  (dT 


r) 


«)* 


(S)  Creep  Equations 

Calculate  the  rate  of  creep  deflection  of  the  bolt#  Kg  and  the  rate  of  creep  deflec¬ 
tion  ot  the  two  flange*  at  the  bolt  circle,  Kp' 


-»pl  LP 


(5) 
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Equation  (6)  applies  only  to  e  loose-type  flange.  The  creep  rets  of  an  integral- 
type  flange  is  aaeumed  equal  to  that  of  the  looae-typc  flange,  provided  the  maximum 
deaign  atresias  according  to  Reference  (1)  are  equal.  The  procedure  for  an  integral- 
type  flange  is  to  calculats  the  maximum  design  stress  by  Reference  (1),  Then  deter¬ 
mine  the  thickness  of  «  loose-type  flange  with  the  same  flange  inner  and  outer  radii, 
moment  arm,  and  maximum  deaign  atreee  as  ths  mtsg r al- type  flange,  this  results  in  an 
equivalent  strength  loose-type  flange,  Using  the  loose-type  flange  geometry,  calculate 
the  creep  rate  from  Equation  (6),  assuming  *hi?  to  be  the  creep  rate  of  the  integral- 
type  flange. 


(6)  flexibility  and  Creep  Ratioe 

Calculate  the  life  factor  R  for  the  purpose  of  conveniently  evaluating  a  flange 
geometry  on  a  life  basic: 


R 


(7) 


where 


r  *  flexibility  ratio  »  Fp/F^  , 

rK  '  *‘r,*P  r|b°  *  Kp^B 

Equation*  <5)  end  (6)  should  bs  calculated  in  terms  of  the  bolt  losd  P( ,  in  order 
that  th#  creep  ratio  rK  be  calculable. 


Ths  design  procedure  can  ba  applisd  to  any  arbitrary  design.  Howsver,  it  te 
dnirabU  to  use  the  ASME  Boiler  end  Pressure  Vessel  Code*1*  for  the  initial  alette 
design  in  order  to  establish  a  balanced  design,  Also,  ths  Cods- rated  flange  can  sub¬ 
sequently  be  rated  on  a  life  basis  for  comparison. 

Using  the  rules  of  the  ASME  Code**',  establish  either  a  looaa-type  or  integral- 
type  flange  geometry  for  an  appropnata  value  of  internal  pressure.  This  pressure,  of 
course,  should  ba  at  least  as  high  as  the  deaign  pressure  multiplied  by  the  ratio  of  the 
«old-to-hot  modulus  of  elasticity,  and  multiplied  by  the  design  factor  of  safety.  The 
initial  gasket  seating  load  will  be  dependent  on  the  type  eaal  used  and  the  maximum 
psrmisaible  leakage  rate,  end  need  not  follow  the  rules  o'  Reference  (1),  The  allowable 
Code  atreas  i*  iiiumid  to  equal  two-thirde  of  the  room- tempe rature  yield  atrength  in 
order  to  avoid  yielding  of  the  aaaembly  during  the  bolt-up  operation. 

The  ASM E  Codr.  will  estsbliah  a  atatic  deaign  at  room  temperature.  Th»  initial 
bo>t  load  and  bolt  street  at  room  temperature  are  designated  at  Pgp  and  Jgg, 

respectively. 


(7)  Intercept  Stress  Reduction 


Calculate  tha  bolt  stress,  o^y.  Ths  initial  room- tempe  rature  bolt  atreee  , 

reduced  to  a  new  value  Ogy  at  tha  design  temperature  due  to  ths  change  in  modulua  of 
elasticity: 


JBT 


(8) 


Calculate  a  further  reduction  in  bolt  sirs#*  from  to  i  value  due  to  *he 
effecta  of  primary  creep. 


(9) 


Equation  (9)  is  conveniently  solved  for  JQ  by  trial  and  error.  The  bolt  stress  1 
or  corresponding  bolt  load  P  represents  the  actual  starting  point  in  the  life  calculations. 


111.  Flexibility  Equations 

Determine  the  bolt  flexibility  Fg  (bolt  deflection  due  to  a  unit  bolt  load): 


C. 


KB  ‘ 


A 'Ey 


-  affective  length  of  the  bolt,  usually  taken  ae  the  total  length  between 
tha  nut  bearing  surfaces  plus  ono  nominal  bolt  diameter, 

Ag  -  total  bolt  area  based  on  root  diameter. 

Determine  the  flange  flexibility  Fp  (total  deflecltor.  of  two  flanges  at  the  bolt 
i  ir>  le  due  to  a  unit  bolt  load). 

For  a  loose-type  flange. 


1  8  i  e 

rh^ln  d 


f/cf 


U) 


(6)  Bolt  Relaxation 


Calculate  the  time  t  required  for  the  bolt  stress  to  relax  from  an  initial  value  f>0 
to  a  new  value 


C,fcTln-  II 


(9)  Leakage  Pressure 


Solve  Equation  (10)  successively  in  or  da  r  to  obtain  a  curve  ot  residual  bolt  atreas 
o(  or  load  P,  versus  tire,  Convert  th'taa  results  to  an  allow  able  leakage  pressure 
versus  time  curve  by  the  imitnivt  solution  of  Equation  (111: 


”, 


*  1-0 


”, 

•  '  F  S  • 

Pp  *  bolt  load  due  to  pressure  •  "pg^ 

Pf  *  residual  gasket  load  (or  load  across  flange  fs-e)  required  to 
prevent  excessive  leakage  (the  determination  of  th  *  load  t# 
not  included  in  this  report) 


*****  1  i'  •»«  » 


hv  ief<i*V  oil  i  ir  I«vsi>«-n  (S)  •■•stuaii- >n*  r>.  i»i-.« 
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In  Equation  (Mi,  Pt  is  established  directly  from  the  ?,  versus  t  curve  by  applying 
a  suitable  lictor  of  safety  to  tha  load  rather  than  tha  tima  acala.  Tha  value  Pq  is 
dependent  on  tha  type  of  gasket  used,  and  may  or  may  not  ba  a  function  of  tha  internal 

pressure  p. 


Tha  daalgn  procedure  (or  threaded  connectors  commancaa  with  fttap  1  (design 
conditional  and  Step  2  (material  properties)  of  tha  bolted- flangtd  connactor  daalgn 
procadura.  Sin  additional  atapa  ara  than  rtquired  (or  tha  thraadad  connactor  In  ordsr 
to  obtain  a  laakaga  pressure  vartua  tima  curva. 

Reference  (I))  can  ba  used  (or  tha  italic  daalgn  of  a  thraadad  connactor.  Tha 
nomanclatura  for  tha  part  a  of  tha  thraadad  connactor  is  baaad  on  tha  functional  analogy 
to  tha  parta  of  tha  bolted- flanged  connactor  and  la  not  to  ba  takao  u  a  literal  daecrip- 
tion  of  tha  parta.  A  thraadad  connactor  modal  ta  shown  in  Figure  9.  Tha  nut  la  con* 
aidarad  tha  "holt"  mamba r  of  tha  analysis,  and  contributes  both  axial  and  banding 
daformationa.  Tha  flanga  and  union  mambara  in  Figure  9  ara  conaidarad  tha  "flanga" 
mamba r  of  tha  analyaia  with  axial  deformation  only. 


in  '»oH“  ru«ib>it<if 

Calculata  tha  "bolt"  flexibility  which  represents  tha  axial  (lastbtlity  of  tha  nut 
and  haa  tha  itmi  form  aa  Equation  <2): 


(U) 


Tha  maximum  itmm  from  Equations  (lb)  ahould  ba  comb  load  according  to  tha  mathod 
of  Reference  (I).  For  a  thraadad  connactor,  Equ&Ucn  ft)  ha  rain  ahould  ba  used  with  a 
conataat  of  two  rathar  than  four  bacauaa  thara  la  oua  rathar  than  two  flanga  members. 


(4)  "Flanga"  film 

Calculata  tha  axial  craap  of  tho  "flanga",  Kp,  which  haa  tha  aama  form  aa 
Equation  (IS): 


Kr  ■ ' 


(17) 


i»i  E‘f!Utnmy  cf««>  rkw* 

Calculata  tha  Ilia  factor  Rj 


1  *  rK  ♦  rK 


(lb) 


rp-rr;rB  ,  *r#/rB 

rK  x  Kr/Kfi  ,  rK»XB/KB 


(b)  Nut  Relaxation 


whara  Lft  and  ara  tha  effective  nut  langth  and  araa,  raapactlvaly. 

Calculata  tha  banding  flaxibllity  of  tha  "bolt"  rl  by  uaing  tha  development  on 
pagaa  194-197  of  Reference  (IS)  (or  Inwardly  projecting  flaagee  (aea  Figure  10): 

rB  ■•*(&)■  1111 

whara 
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U1  "Flame"  EbsmU 

Calculata  tha  axial  flaxibllity  of  tha  "flanga",  F|.: 

Hr 


04) 


Tha  effective  langth  Lp  can  b«  conaidarad  equal  to  L^  in  Equation  (12).  Ar  io 
tho  croaa-ooctlonal  araa  ^f  tha  "flange". 


<»  "Sail"  Cm, 


Calculate  tho  axial  croop  rata  of  tho  "bolt",  KR: 

K, - s -  • 


(IS) 


Calculata  tho  bonding  croap  rat#  of  tha  "bolt",  KB,  in  a  manna r  similar  to  an 
intagral-typa  flanga*,  except  that  tha  maximum  daalgn  otreeo  to  determined  from 
Reference  (IS)  for  an  Inwardly  projecting  flanga. 


The  longitudinal  hub  atraaa  S^,  radial  ring  etress  SR1  and  tangential  ring  street 
Sy,  raapactlvaly,  ara 


nd^-(dj  *ty) 


S 
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Date r mine  tha  relaxation  of  tha  nut  from  Equation  (10),  but  uaing  tha  Ufa  factor 
R  from  Equation  (IS).  Use  Equation  (ll)  to  calculata  the  leakage  pressure  voraua  time. 


External  Loads 


Determine  tha  affect  of  external  loads  on  tha  leakage  pressure  by  revising 
Equation  (11)  to  road: 


(19) 


whara  and  Pj^  include  tha  affaeta  of  axtornal  thrusts  and  moms 


ctively: 


PA*1,»KACT*  • 

.  ’tfKM<:T*l<iTi  *  CT2* 


(20) 


Solve  Equation  (19)  successively  in  order  to  obtain  a  laakaga  pressure  versus  time 
curva. 


Tha  constants  XA  and  ara  used  to  define  tha  magnitude  of  tha  stress  due  :o 
tuba  thrusts  (c^)  and  momenteiQfci),  raapactlvaly,  in  terma  of  tha  axial  tuba  etroea 
(Oj)  due  to  internal  pressure: 


fA 

0T  * 
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Temperature  Piffarantlals 

Tha  analysis  uJ  temperature  differentials  is  limited  hatpin  to  tha  case  of  compo¬ 
nent  ■  at  uniform  tamperaturea ,  but  at  a  different  average  temperature  from  another 
component  of  the  assembly.  In  one  case,  tha  bolt  ie  assumed  to  at  a  different 
average  temperature  than  tha  flanga  and  tuba  assembly,  probably  the  more  critical 
care.  In  the  other  caaa,  tha  flange «end  bolt  assembly  ia  assumed  to  ba  at  a  different 
average  temperature  than  tha  tuba.  Tha  change  to  material  properties  with  temperature 
change  is  neglsctod  in  tha  thermal  calculations.  It  is  s' so  assumed  that  tha  tem¬ 
perature  differentials  era  of  a  short-time  nature,  occurring  almost  instantaneously  for 
tha  purpose  of  analysis.  A  more  refined  analyaia  would  ba  required  for  temperature 
differentials  varying  considerably  with  tima. 


Rolt-rianxe  Differential 


Letting  s  positive  value  of  AT  represent  the  flanga  at  a  higher  average  tem¬ 
perature  than  the  boh,  calculata  tha  change  in  bolt  atraaa  &dB: 
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(21) 


For  a  thraadad  connector,  the  change  in  "bolt"  (nut)  stress  is 


AO 


B 


a(AT)  CT 

l  ♦  r  j.  ♦  rP 


(22) 


The  change  in  bolt  or  nut  load  in  Equations  (21)  and  (22)  ahould  ba  evaluated  in  a 
differ  am  manner,  dapeadiag  upon  the  nature  of  the  differential.  A  positive  temperature 
differential  at  tha  start  of  tha  cycle  would  lead  to  an  increase  in  tha  holt  toad.  This 
incraasa  should  ha  uaed  ta  guard  against  ovarstrasaing  of  the  belt  (or  other  connector 
components),  and  neglected  (or  short-time  differentials  in  the  relaxation  analyaia.  If 
a  negative  temperature  differential  should  occur  naar  tha  and  of  tha  operating  cycle, 
tha  reduction  in  holt  load  should  ba  added  to  Equation  (1 1)  to  determine  a  reduced 
laakaga  pressure: 


A-6 


•Ut  persons  ea  pegs  I*  f«  letepisi -type  Bssgas 


Pt  '  Pp  ♦  PQ  ♦  PT  '  <*U 

wh«ri  Pf  *  Ao^Ab  {bolt-load  change  dua  to  temperature  differential). 


FUnat-Tiiba  Differential 

Tha  analysis  by  Dudley*1^  or  an  extension  of  the  aquation*  presented  by 
Rodxbaugh  in  discussion  of  Reference  (17)  can  b«  uaad  to  avaluat*  bolt-load  changes 
duo  to  tha  tuba  and  flange  assembly  balng  at  difforant  average  tamparaturaa.  TLj 
mat  hod  of  Rodsbaugh* 1  •)  la  preferred,  ainc#  it  ia  consistent  with  tha  baalc  aquation* 
of  tha  ASME  Coda^",  At  tha  atart  of  tha  oparating  cycia  tha  tuba  will  poaaibly  ba 
hottar  than  tha  remaining  assembly,  thu*  causing  a  reduction  in  tha  belt  load.  Tha 
oppoaita  offset  may  occur  upon  cooling  down  tha  aaaambly  An  increase  in  tha  belt 
load  should  ba  uaad  to  guard  against  overetresaing  tha  connector  aaaambly,  wharaaa  a 
daertasa  in  tha  bolt  load  should  ba  uaad  in  Equation  (21). 


Rstighte.iinx 


If  tha  aaaambly  ia  not  ratlghtanad  batwaan  oparating  cycles,  a  continuous  oparating 
cycia  i*  aaaumad,  consisting  of  tha  total  timo  of  th«  individual  cycl**.  Thi*  procedure 
is  consistent  with  tha  assumption  that  creep  strains  art  irreversible  in  nature. 

In  the  want  that  ratightaning  ia  contemplated,  each  cycle  ia  rea.*alysed  according 
to  tha  creep  design  procedure  (not  repeating  static  design)  as  though  it  ware  tha  first 
cycle.  Thie  is  s  conservative  approach  because  tha  flange  Ilf*  will  probably  improve 
on  subsequent  cycles  to  the  extent  that  tha  primary  creep  strain*  arc  nonrecurring ,  aa 
evidenced  by  tha  British  Flange  Tests'^), 


Million  D»«» 


The  design  procadura  ia  baaed  on  tha  assumption  that  only  craap  data  are  available. 
Of  course,  relaxation  data  are  preferred.  Relaxation  data  aheuld  ba  available  as  a 
family  of  turves,  starting  *rcm  various  initial  stresa  lavsls,  sufficient  to  covar  tha 
range  of  initial  atraaa  levalo  axpactad  in  tha  design. 

Since  tha  relaxation  taat  i*  usually  run  with  no  elastic  follow-up  (R  •  1),  tha  time 
required  for  a  connector  aaaambly  bolt  or  nut  atrees  to  relax  from  an  initial  atraaa  0o 
to  a  final  value  ot  ia  obtained  directly  from  the  relaxation  taat  data,  multiplied  by  tha 
life  factor  R  determined  from  Equation  (7)  or  (lg).  If  tha  relaxation  teats  are  run  with 
slnatic  follow-up,  tha  relaxation  time  is  determined  by  multiplying  tha  taat  data  (time) 
by  tha  ratio  of  tha  Ufa  factor  R  of  tha  connector  to  that  of  tha  taat  assembly.  Inter¬ 
polation  of  tha  test  data  may  ba  required  (or  specific  values  el  tha  initial  atraaa  0o  not 
available  in  tha  test  data.  Tha  uaa  of  a  direct  ratio  for  various  valuea  of  tha  life  factor 
is  bsssd  on  the  assumption  that  tbs  lif*  factor  ia  a  constant  in  tha  analysis.  Baumann^) 
juatifias  this  approach,  ragardlasa  of  the  craap  law  observed  ty  tha  material. 

Tha  direct  uaa  of  relaxation  data  result!  In  a  residual  atraaa  «titus  time  curve, 
similar  to  thst  ytaldad  by  Equation  (10).  In  generating  relaxation  datn,  it  would  ba 
desirable  to  run  at  laaet  ona  test  with  aufficiant  elastic  follow-up  to  simulate  the  Ufa 
factor  of  a  connector  aaaambly. 


Rtdaaian  Considerations 

The  designer  may  find  that  tha  calculated  connecto  life  for  a  particular  daaign 
pressure  is  leas  then  tha  required  design  Ufa.  If  tha  temperature  and  material  have 
already  bean  fixed,  th*  only  changes  that  can  b*  mad*  in  order  to  obtain  an  improved 
life  ars  geometry  changes.  Ordinarily,  the  connector  inner  diameter,  boli  geometry, 
and  gasket  geometry  will  be  kept  constant  during  a  redesign.  Therefore,  tha  logical 
changae  to  make  if  tha  Ufa  factor  H  in  Equation  (10)  ia  to  ba  improved  era  changes  in 
tha  flange  thickneee,  flange  width,  and  moment  arm. 

Changes  in  tha  moment  arm  a  can  have  an  appreciable  affect  on  the  Ufa  factor  R. 
Of  couraa,  an  increase  in  tha  moment  arm  will  have  to  ba  compensated  for  by  changes 
in  tha  flange  width  and/or  thickness  (or  hub  geometry  for  an  integral-type  flange)  in 
order  that  th*  flange  stress**  ba  maintained  at  an  acceptable  level.  It  it  recommended 
that  improvements  in  tha  connector  life  be  mad*  by  simultaneous  changes  in  th*  moment 
arm  for  flange  banding,  th*  flange  width,  and  tha  flange  thickness.  Effects  of  changes 
in  th*  length  of  th*  bolt  Lg  (perhaps  with  the  us*  of  s  rigid  bolt  collar)  should  also  be 
investigated. 

If  th*  daairad  connector  Ufa  is  not  attained  by  th*  changes  described  above,  tha 
nsxt  logical  stap  would  be  to  redtatgn  tha  bolt  geomatry  and  gasket  gaomatry  in  ordsr 
to  allow  for  graatar  percentage  reductions  in  tha  initial  bolt  load  bufor*  leakage  occurs. 

DMCUSSION  OF  SAMPLE  CALCULATION! 


Tbs  sample  calculations  are  presented  in  order  to  adequately  demonstrate  th*  de¬ 
sign  procedure,  and  not  to  ar.'lve  at  ipUmuin  design  connectors.  An  optimum  design  can 
bs  determined  only  after  calculating  a  wide  range  of  connector  geometries,  thus  enabling 
the  selection  of  a  minimum-weight  design  (or  a  given  combination  of  design  (leakage) 
pressure  and  life. 

The  lovse-typ*  end  integrnl-type  flange  geometries  of  Figures  11  and  11,  re¬ 
spectively,  ikave  nearly  th*  same  initial  stress  op,  and  tha  life  factor  R  differs  by  only 
10  per  cent.  Therefore,  the  result*  ia  Figures  1)  and  14  for  the  loose-type  flange  vsry 
nearly  apply  for  th*  Integral-type  flange.  The  loose-type  flange  Is  heavier.  Thie  will 
not  always  bs  th*  case  siao*  the  loose-type  flange  can  frequently  have  n  much  higher 
flexibility  than  the  equivalent  integral-type  flange. 

Tb*  factor  of  aafaty  used  la  Figure  1),  together  with  the  intercept  street  reduction 
and  la*  bolt  load  reduction  dua  to  change  in  elastic  modulus,  leads  to  a  maximum  design 
pressure  of  1440  psi  ia  Figure  14,  assuming  no  external  loads  or  temperature  differ¬ 
entials.  It  is  shown  that  a  temperature  difference  between  tha  bolt  and  flange  assembly 


of  -100  F  severely  affects  the  leakage  pressure  and  establishes  n  limiting  life  of  M 
hours.  The  curves  of  Figure  14  indicate  that,  up  Is  approximately  0.  9  hour,  there  is 
asghgible  change  in  the  leakage  pres  sure.  Thie  would  infer  that,  for  accumulated  lil* 
cyctes  totaling  0.  9  hour  or  Use,  ratightaning  after  each  cycle  would  not  he  very 
beneficial . 

Besl  41  at  1900  F  doe*  not  exhibit  a  great  deal  of  primary  creep#  as  shewn  by  the 
relative  insensitivity  of  the  initial  stress  to  the  lif*  factor  R  ia  Figure  19.  For  sense 
materials,  the  <«Cfeet  of  the  Ufe  lector  on  the  reduced  intercept  stress  would  he  a  strong 
Influs),. ,  '  ,  choosing  aa  optimum  design.  The  life  factor  R  Is  s  convenient  measure  Ti 

the  relative  merits  of  various  dosigne  with  the  same  initial  bolt  stress  because  it  is 
essentially  t  geometry -dependent  constant  in  the  relaxation  equation,  all  other  constants 
in  Equation  (10)  being  a  function  only  of  tha  material  and  temperature. 

Ii  is  usually  considered  desirable  to  preload  the  bolt  or  nut  ns  high  as  possible 
without  yielding  any  portions  of  the  connector  assembly.  Th*  high  preload  1*  intended 
to  delay  the  relaxation  of  atrees  or  load.  Various  value#  of  the  initial  bolt  stress  wsra 
used  in  th*  relaxation  equation  (27).  The  results  in  Figure  16  indicate  that,  for  design 
lives  over  1-2  hours,  there  is  very  little  advantage  gained  by  higher  preatressing.  In 
fact,  the  initial  preetrese  ^  of  45,000  pal  would  bo  more  desirable  for  longer  Uvea 
since  it  will  provide  greater  safety  against  yielding.  Th*  initial  stress  of  90,000  pel  at 
1500  F  for  Rant  41  would  ba  difficult  to  obtain  becauae  of  the  intercept  atrees  reduction, 
the  elastic  modulus  change,  and  the  limitation  imposed  on  the  room  -  temps  ratur  a  bolt 
preload  to  avoid  yielding. 

Results  of  the  threaded-connector  geometry  of  Figure  17  ere  shown  in  Figure  16. 
Tha  gaomatry  of  Figure  17  does  not  represent  a  wall-balanced  design.  As  a  result,  th* 
axial  nut  atraaa  0£R  is  limited  to  40,000  pal  (room Hemps ratur*  preetress)  to  avoid  over- 
stressing  th*  inwardly  projecting  flange,  Tha  low  pr  a  stress  results  in  the  relatively  clow 
relaxation  oi  th#  nut  load  shown  In  Figure  16. 

It  ie  quite  poeeibl*  that  the  optimum  static  design  will  also  provide  a  good  design 
for  relaxation,  depending  upon  tb*  material  and  design  temperature.  However,  for  tome 
combinations  of  material  and  tamperatura,  tb*  sound  static  daaign  approach  may  not 
auffica  becauae  of  the  importance  of  the  interaction  of  bolt  and  flang*  creep  and  flexibility 
ratios.  For  a  static  daaign,  the  integral- type  bolted  flange  ia  usually  lights r  than  the 
loose-type  flange.  This  may  not  be  true  for  relaxation  daaign.  In  some  cases,  loose- 
type  flanges  offer  advantages  in  the  way  of  increased  flexibility  and  the  ability  to  hotter 
withstand  certain  type*  of  temperature  differentials. 
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APPENDIX  A 


Use  10-9/  14-in.  -diameter  boite  with  a  total  root  area  equal  to  1.  §9  ia.  *.  Tha  bolt 

Dtreaa  i* 

.  *7.100  p.l. 

For  the  flange  design, 

h£  ■  hx  ■  0.  443  in. ,  hD  ■  0.  913  in. , 

HD  •  0. 795  B*P  >  102,  000  lb, 

H  -  0.795  G*P  -  119,000  lb, 

Hq  a  W-H  a  45,900  lb, 

HT  -  H-Hd  a  17,000  lb, 

Md  ■  HDhD  •  92,  900  lb, 

Mt  ■*  HThT  >  U,  300  lb, 

Me  ■  He  ho  ■  W,  500  lb, 

Mo  -  MD  ♦  MX  ♦  Mg  *  124,600  in-lb, 

St  -  60,000  psl, 

K  ■  A/B  »  1.90. 

From  Figure  UA-S1,  l  of  Reference  (l),  Y  a  3,  3. 


SAMPLE  CALCULATIONS 


Tbe  sample  calculations  are  all  performed  on  Rene'  41  at  1500  F.  The  follow  ing 
design  value*  apply  to  Rene'  41  at  room  tompornturo  and  at  1500  F*. 

Tha  yield  strength: 


oy  ■  120,000  pel  at  70  F, 
oy  ■  97,000  pai  at  1500  r. 

Tho  moAilu*  of  elasticity: 

Eft  -  32.0  x  10*  psi  at  70  r, 

Et  >  24.  0  m  10*  psl  at  1500  F. 

The  mean  coefficient  of  thermal  expansion  a  ■  9.  5  x  10"*  in/in/*F  at  1500  F. 

Tho  croop  and  intercept  constants  st  1400  F  are: 

Ci  -  I.  30  x  10-**,  C2  -  3.93  a  10“  1 1 , 

n  ■  4.  92,  m  -  l.  57. 

The  ASME  Code  calculations  in  based  on  an  internal  pressure  of  10,000  pel.  This 
corresponds  to  s  reduced  value  of  tho  design  pressure  squal  to  10,000  (Ej/Er) 

(1/F.S.  )  a  3790  pot  for  •  factor  of  safety  equal  to  two.  Therefore,  tho  maximum  possi¬ 
ble  vsluo  of  tho  deoign  pressure  ie  37 SO  psi,  and  will  be  further  reduced  due  to  the  ef¬ 
fects  of  primary  creep. 


Then, 


Flexibility  and  Creep 

From  the  equations  on  pages  18-20, 

FB  «  I.T8/Et  ,  Fr  ■  l.SI/ET, 

Kb  •  0.  137CjPt4'#2, 

0n  •  0.215  Pt  , 

Kf  ■  2.403  x  10“*C jPt4- •*, 
rp  a  0.949  ,  rK  •  0.0133, 

R  r  1.82. 

Bolt  Relaxation 

From  Equations  (9)  and  (9), 

°BT  '  .  I>»,400  pal, 

\«  «  ID4/ 


(1*> 


Loots -Type  Bolted  Flanga 


AgMt  C-4. 


Solving  Equation  (24)  by  trial  and  error,  0Q  •  52,  100  psi.  It  is  convenient  to  solve 
Equation  (24)  for  various  values  of  R  in  order  to  construct  Figure  14,  thus  saving  con¬ 
siderable  calculating  time  whan  optimising  the  flango  geometry.  For  a  rigid  flanga 
(ft  •  i).  0e  would  equal  44,000  psi. 


The  allowable  stress  for  use  in  Reference  (1)  equals  2/3  (120,000)  •  90,000  psi. 
The  geometry  is  shown  in  Figure  11. 


From  Equation  (10), 


the  belt  relaxation  equation  becomes 


I.  41  *  101* 


(25) 


9MMUI  janpamw  Ssnf  «l  ass  gifts  m  l*  It 
■Aiw  Sh  UNwaliuint  On  A*a*f  cW‘> 
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wu*  o#  •  12,  100  pal,  t*«  auccaaalve  ##lu»M*  ml  Equation  (24)  r#e«H«  la  Dm  reeideal  Mis¬ 
lead  mrv*  mi  Figure  12. 

jggtea  Sama 

la  order  to  convert  rniAal  toll  Im4  it  leakage  prttiurt  hmrm  i  factor  mi 
eafety  F.O.  a  2.0  on  the  reeidual  lead,  •auhllcktog  Ike  dealga  carve  of  Figure  IS, 

Per  «umf4t(  If  It  to  iitniMf  tkot  lockage  will  occur  when  t*e  gaeket  preeeur#  raacM# 
o  vclee  *4  Ip,  KftMtoi  (11)  become# 

■  *  fl  *  <»*) 

T*e  oelattoa  ef  Equation  (24)  fer  vertoao  veleoo  of  t*e  latoraal  prtmrt  p  recall# 
la  l*#  leakage  pro# ear#  vercao  time  carve  (K*  ■  K^j  «  0,  AT  •  0)  ef  Figure  14.  Fer 
•(temple,  at  p  -  1000,  Pt'  -  11,000  Ik.  Tke  lime  I  from  Figaro  II  fer  11,000  1*  to 
4. 0  koaro. 


SBauLsmssaLtsaai 


Tke  relaxation  equation  fer  Ike  geometry  ef  Figaro  1 1  to 


I  ■  1,12  a  10l§ 


(2T) 


Tke  offoct  of  vary  lag  tk«  bolt  otr###  o9  la  Equation  (27)  to  shewn  to  Figaro  14. 


Throedfd  Ceaaecler 


Figaro  IT  chew#  o  thraaOod-eeanector  geometry,  which  r#pr##ento  m  arkitrary  eat 
ef  .limeaeioae  ret  Mr  tke  a  aa  optimum  italic  deeign.  Tke  deelga  procedure  to  used  to 
colcalate  tke  deeign  life  ef  tM  geometry  ef  Figaro  17,  Mood  on  Rom'1  41  ot  1400  F. 

Figaro  9  to  o  gulf*  for  tke  proper  dlmeaelea#  to  aee  to  tke  aaalyelo. 


Jell  Float kUttr 

Ag  ■  w(l.04*  -  0.  90*)  «  0.91  to.*, 
Lg  -  1.40  -  0.44  ■  1.  14  1a. 

Tke  axial  flexlkUity  ef  tM  belt  le 

L 

r8-rr-*  • 


i.u/cT, 


b  t 


Tke  keadtog  flexibility  of  tke  kelt  to 

.  r '  . e* 


to- 


totecrol-Tyae  Bolted  Flaaee 


19-0/Ct, 


AIMir  Code  Deaton* 

An  integral -type  flange  wac  deolgaod  to  accordance  with  Reference  (1).  TM  gaeket 
geometry,  mom  cel  arm,  oetar  flaage  refhte,  take  geometry,  taf  do  alga  kelt  leed  ora 
tM  earn#  ee  for  tM  leeoe-typ#  finite  ef  Figaro  II,  TM  Integral-type  flaage  geometry 
lo  ekewn  to  Figaro  12: 

ky  •  0. 140  la. ,  kg  ■  0.  441  to. ,  kg  •  0.  041  to. 


From  page  A-2, 


W  >  144,900  Ik, 

H"  #,7110*7'  119,000  1k, 
HD  -  0.701  B*P»  74,100  Sk, 
Hq  •  W-He  44,900  Ik, 

Nr  ■  H-Hd  *  44,400  lk, 

Mp  -  HgkD  e  44,  200  lk, 

Mt  -  HTkT  .  M,  400  1k, 

Mg  "  HqKo  -  >0,  400  lk, 


.  .  l|M  ♦•t"  .  OJ^O,  40  „  0  l4  u 

Plena#  Flexibility 

L  f  •  Lg  ■  1.14  la. , 

Ar  •  w  (0.  04*  -  0.  40*)  -  1.  44  In.*, 
Fp  ■  m  0.  74/E,.. 


gelt  Creep 


TM  aaial  creep  ef  tke  kelt  to 

K  clp*  Hi  i  a2  r.o  *•** 
Ka  »  An  ei.ofCiP, 


la  order  to  oktato  tM  bending  croep  rate  of  tk#  belt,  the  otreeeeo  for  an  inwardly 
projecting  flange  are  calculated  from  Reference  (14).  The  critical  combination  of  these 
etreeee#  by  tM  ASMJE  Boiler  Cede1!1)  to 


■  Mg  ♦  My  ♦  Mo  •  111,100  to- lb.  Sji  *  ®T 

-  -  7.  10  M. 

Uctog  aa  allowable  etrec#  ef  00,000  pel  and  a  deelga  manna  ef  111,  100  la-lk,  tM  * 

tkickaea#  of  aa  txtogral-type  flaage  to  calculated  from  Reference  (I)  to  M  0.94  to. 

Fer  a  maximum  deelga  ctreee  equal  to  2/S  cy  »  00,000  pel,  tk#  deeign  mom«m 
•quale  00,000/9.  II,  or  M  «  1710  la-lk.  With  a  moment  arm  e  •  0.  24  la. ,  thie  cor  re* 

Flexibility  and  Creea  epoade  to  aa  initial  nut  deeign  lead  of  14, 100  lb.  In  thie  caee,  the  initial  load  of 

14,100  lb  le  net  limited  by  tM  aaial  etrece  in  tke  nut,  but  by  the  #tre»#  in  tha  Inwardly 
From  Equation#  (2)  and  (4),  projecting  flange. 


Pg  -  l.  11/*T, 

Ka  •  0,  tHC,P,4-M  . 

f  lace  tM  flaage  deelga  etrece  ef  00, 000  pel  to  tM  came  a#  that  ef  tke  equivalent 
looee-type  flaage,  tM  finite  creep  rate  to  earned  to  equal  that  ef  the  leeee-type  flaage: 

Xr  •  2.404  a  lO-SC|Pt4*M. 

TM  final billty  ef  tM  Integral-type  flaage  from  Equation  (4)  to 
Fr  •  1.41/E,.. 

Then 

rr  ■  1.04,  rK*  0.0204, 


TM  thickaeee  of  aa  equivalent  looee-type  flaage  to  determined  from  Reference  (1) 
using  tM  beeic  geometry  of  tM  Inwardly  projecting  flange  ef  Figure  17.  The  equivalent 
thickaeee  equal#  0.  474  to.  TM  creep  rat#  of  tke  equivalent  loo##-typ#  flange,  calculeted 
from  Equatton  (4),  to 


wMre 


#Ft 


■  1.21  Pt. 


mi!  Cre#| 


R  -  1.02. 


Belt  Relaxation 


From  Figure  14,  oa  ■  42,900  pel.  TM  belt  relaxation  equation  1 

v.-l^ 


t  •  1.49  a  I011 


Equation  (20)  deee  aet  yield  reeulte  algafftoantly  different  fn 
•e-type  flaage. 


(20) 


(24)  fer  a 


ClVS*  4.42 

Rr  •  “X-" — ■0  l45Cip* 

Fl#«l billty  and  Creep  Ratio# 

rr  ■  0.494,  *‘T  -  0.904, 

rK  •  0.0794,  r  K  -  0.491, 


rK  *  rK 


1.41. 


an*  aw  ■i-Mitici  wt  m  a##u  cw*i 


A-9 


Intercept  iUm  lUjjjcMw 


tiltCS 


or 


The  inttUI  bolt  UriM  la 

°BA  '  P/AB  '  M*  *00/0.11  s  40,000  pat, 
0BT  .  40,00(^1^  10,000  p*l 

from  Equation  (9), 


W 


0Q  •  24,700  pat, 

P0  ■  °0A»  B  ii.500  lb 


Nut  Relaxation 

F rom  equation  (IQ), 


1  .  I  U  »  I01* 
The  relaxation  curva  la  ahown  in  Figure  It. 


U 

imI  tba  Haags  deflection  at  the  bolt  ctreU 


»r  •  »®r.  • 

1»  4,/*, 

than, 

it,  i  it*1 

r.  a  —«■  *  —  — —  . 

**  Kyb*  la  dgr/ep 


a  Pa, 
ta 

l.llPe* 


Intaaral  Type 

Waoatrom  and  Bargh*17)  present  an  aquation  (or  tba  flange  rotation: 


(21) 


.  _  0.646  VM 

nf  *  ■■■  ■  —  "  • 

It/tf  (*x-cT^^*T 

Sines  tha  total  (langa  momant  M  •  Pa,  and  tha  deflection  4r  a  «ra, 


Eat  a  rival  Loads 


It  is  aaaumad  that  ■  Kw  ■  0. 10  in  this  example.  Tha  leakage  criterion  uaad  in 
Equation  (26)  ia  uaad  In  Equation  (11)  to  calculate  a  leakage  pressure  versus  time  curve. 
For  example  (for  tha  connector  ahown  in  Figure  11),  at  a  pressure  p  of  2000  pal,  from 
Equation  (26), 


n 


iit 


1.21  Ve* 


L^cr(dT-CT)4^2  ttT 


Bolt  Cr**p 


01) 


0» 


(M) 


(JD* 


Pp  ♦  PG  ■  2.1,0®0  lb. 

From  Equation  (20), 

PA  -  7440  lb, 

Pu  •  5120  lb. 

Then,  (rom  Equation  (11), 

p;  »  53,000  ♦  7440  ♦  5420  -  44,360  lb. 

Tha  design  curve  of  Figure  13  gives  t  •  0.  37  hour.  The  results  are  shown  in 
Figure  14  (KA  ■  ■  0.  50,  AT  *  0). 


Bolt- Flame  Temperature  Pifferantial 


It  ia  assumed  that  at  the  beginning  of  tha  cooling-down  cycle,  the  bolt  assembly  ia 
hotter  than  the  flange  assembly,  or 

AT  ■  -100  F. 


From  tha  steady- atata  creep  law, 

€b  *  ci°Bn  *  • 


or,  tha  bolt  daflactlon  ia 


a. . 


ab 


K  !* 

B  *  A#n 


Flanga  Craep 


(16) 


(37) 


(16) 


From  Equatioet  (21)  and  tha  geomatry  of  rtgure  II, 
a(AT)I. 

60s*  - L  m  11,000  pai. 

8  1  ♦  rr 

The  reduction  in  bolt  lead  due  to  the  thermal  gradient  ia 

PT  -  (1 1,000)  (1.69)  ■  20,900  lb. 

From  Equation  (25), 

Pt  *  Pp  ♦  *0  ♦  PT*  (»0) 

From  Equations  (26)  and  (30),  at  a  praaaura  p  «  1500  pai, 

Pi  •  *UM0)(I.M*I  *  >  (H00)(l.  ,J)  *  20,  too  •  4S, MO  10, 

From  Ftgura  13,  t  ■  0.  52  hour. 

Tha  results  of  tha  analysis  are  shown  in  Figuro  14  (KA  ■  Kj^  •  0,  AT  ■  - 100  F). 


APPENDIX  B 

DERIVATION  OF  EQUATIONS 


Flange  Flexibility 


htarln(l1)  developed  aquations  for  tha  steady-stats  creep  of  a  circular  ring  of 
rsctangular  cross  section  subjected  to  uniform  momenta.  Tha  (langa  rotation  and 
maximum  straaa  on  tha  inner  surface  are 


(Ai)  («**»)  (,»■■)(»♦■) 

*"  (dr1"*  -  «r‘ 


(39) 


H 

'(•-*) 

(vs 

-  .r-i 

:)  h'4 

(40) 


Equations  (39)  and  (40)  are  based  on  tha  steady- atata  creep  law  c  ■  C^t  and 
as  sums  tha  creep  streee  distribution  in  tho  flan  as.  Thors  exists  euffietent  test  and 
theoretical  data  on  tha  creep  banding  of  bssmi'*®'  **)  to  justify  that: 


(1)  Plane  sections  remain  plana. 

(2)  The  creep  deflectione  can  be  predicted  on  the  basis  of  the 
steady- state  creep  law. 

(3)  Individual  fibers  of  the  beam  creep  at  a  rate  equivalent  to  that 
predicted  by  a  tensile  creep  test. 

(4)  The  creep  etreoe  distribution  is  attained  shortly  after  tha 
commencement  of  the  teat  and  does  not  change  for  the  remainder 
of  the  teat.  This  is  analytically  confirmed  by  Halted).  Because 
of  the  lib#  nature  of  tho  beam  and  i tog  deformations,  the  above 
essumptiona  ere  aleo  assumed  to  hold  truo  for  tho  creop  do- 
flection  of  a  flange. 


TlmMh-nfc*1 1,1  ,t«**  tfc*  flu,*  routlM  I,  4u.  t*  tt  Q**,*  I 


•r  •  ■ 


IrEyh  In  fr/cv 


(31) 


From  Equations  f39)  and  (40), 

20p^n  Cjtyt 
®r  - -  — 


♦ns  tsrsM  v  tad  l  m  liisse  (Ml  mad  <M)  wUs  w  tin  ewnW,  •<  bbwm  ( i> 


(«D 


A- 10 


Til**, 


4gn  ci««r 
h 


jgtmgN  kr<M  Mwln 


U  li  tnum«4  that  tke  initial  Mnm  d|f  ii  r«it«*4  t«  taro  time  U  *  m«  wi»« 
°o  which  K*i  «  total  iMtreapi  strain  c,  equal  to  the  initial  bolt  aiNM  <J1T  divided  by 
tk«  mexhilue  of  elasticity  E*-  From  F igurn  1$, 


«o  •  ‘e  ♦  C2oam  , 


°BT  *TCl«e"'  (44) 

Tkt  «»UM)  Cju(m  *r.  ....rminad  by  a  bait  lit  ta  tba  lot.rt.pt  data  Iran,  a  lamlly 
of  troop  curves  at  the  4oil|a  temperature. 

For  •  flexible  fUage,  tb*  interaction  of  tho  flange  cud  bolt  haa  to  bo  accounted  for. 
The  primary  troop  of  the  bolt  eon  bo  represented  by 

®B*  *  C^am  *■»  <«l 

Th.  abaaga  In  ball  Mraa.  1.  datarmlnad  by  tba  ala. tit.  belt  r.cararyi 


0a.it  f  •■*1  «■*'■>]■ 

f-B  1  ♦  rjr  j 


Differentiate  (»S>  with  respect  to  timet 


-Er /I  ♦  tK\  d6>c 
*•»  \i  *  tr)  * 


From  the  steady- state  croop  la*, 


«c  ■  *i°h 


'.‘Js.Lfia*) 

*  <u 


Substitute  (54)  in  (54): 


Integrate  (54),  lotting  <Jg  •  <\; 


TT  ■  lbci°b 


do*.  -  E_C  -  dt 


0o  *  ®bT  * 

From  Figure  (20),  in  order  to  maintain  compatibility  of  bolt  and  flange. 


By  definition, 


4TOTAL  "  4Fo  ’  dFc  •  6b<  •  dB 


•  ■  -Xi  ,  rg  o  its 


wboro  C  io  a  constant  of  intogrfttion.  At  t  ■  0,  o,  a  cr0.  Therefore, 


rr°m(S7)'  »  1  {&)"' 

C|ET(n*l)  0tn-l 

Equation  (Si)  also  applies  to  the  relaxation  of  the  nut  in  a  threaded  connector 
design  with  R  defined  by  Equation  (li). 


and  Equation  ,11)  becomes 


®B«  ('r  ♦  •>  •  ®Ba  *'K  ♦  >>. 


®».  .  I  ♦  m  ,  l  , 

®Bc  *  ♦  'F  *’ 


Sub.lltullag  (45)  and  (4b)  la  (41), 


External  Loads 


The  axial  load  Pa  ia  assumed  to  bo  a  tensile  force  which  reducee  the  gasket 
preeeure.  The  magnitude  of  the  tube  etreee  Oa  due  *°  the  axial  load  Pa  io  defined  ae  a 
constant  times  tho  axial  tub#  street  due  to  internal  preeeure: 


PA  ■  nA*T  ‘  °A" 


For  a  rigid  flange  (R  o  I),  Equation  (50)  it  identical  to  Equation  (44).  The  develop¬ 
ment  of  Equation  (50)  for  a  flexible  flange  aooumoo  that  the  creep  ratio  rKle  tho  earns 
for  primary  creop  as  it  io  for  steady- etate  creep. 

Bolt  Relaxation 

The  analysts  of  bolt  relaxation  io  similar  to  that  of  Refereacee  U,4).  The 
nomenclature  is  defined  ae  (ollowet 

Lf  ■  orlgiaal  length  between  nut  boarii^  surfaces 

•  length  of  bolt  if  it  is  rslisvod  of  stress  before  creep  occur# 

6'  *  *T  '  4l  ■  toittal  flange  deflection  plus  bolt  extension  (or  total 
initial  relative  mevemeot  between  ant  and  bolt) 

*r(  "  *Fc  *  crMf  deflection  of  flaagoe 
kB*  ■  4Bc  "  creep  deflection  of  bolts 
FyP  •  4y#  n  clastic  flange  deflection 
F b?  *  *Be  *  eleetic  bolt  deflection. 

I*  order  that  the  flange  aad  belts  maintain  contact  at  say  time, 

**F  *  ^Fe  *  4 Fo  *  ♦  *Bc  *  *Be  *  <*0 


*  ■  **«  C»  ♦  »n)  ♦  4*,  (I  ♦  rr). 


iala 

-  4-=  ,  * 

B*  *T 


*  "  *Bc  l*  ♦  ♦  rFi» 


From  (54)  and  (40), 


Bending  Moment 


**A  "  *Pkac  l 


The  required  additional  bolt  load  Pjg  accounts  for  the  tendency  of  the  tube  bonding 
moment  Mj  to  reduce  the  gasket  pressure.  The  magnitude  of  the  tube  etreee  0^1  due 
to  the  bending  moment  My  le  defined  as  a  constant  Km  times  the  axial  tube  stress  due 
to  internal  preeeure: 

nil 


From  beam  bending  theory, 


Combining  (42)  and  (45), 


°M-  "M°T  ■ 


4MT4T 


The  bending  moment  My  tr  considered  to  reduce  the  gasket  pressure  by  the 
amount  Oq  «*•  of  the  gaekot.  If  the  gasket  width  ie  assumed  small  compared  lo 
the  gasket  radius, 

bK.o^  is  *  *  ,  *i 


*  4dT,*w 

If  the  meatmum  casket  pressure  seeumed  to  set  on  the  complete  gseket  surfsce 


PM  *  AqOg  •  2wgwoG  •  - 


><U»rUim  Twwwrthtri  PtlltMniUl 


The  thermal  belt  iiriln  Atg  ■  a(AT)  corresponds  to  *  thermal  bolt  deflection 
ALg  •  a< AT }l«m  which  ta  Attributed  according  to  the  flexibility  of  the  Qango  end  bolt. 
From  r inure  If), 


•  4r,*  SB,  .  S,„  (rr  ♦  .). 


Tho  change  in  bolt  stress  ie 


ere  considered  secondary  from  the  etendpoint  of  over -ell  bolt  relaxation,  but  thould  be 
considered  tn  the  static  deeign  of  the  connector  if  found  to  be  significant. 


APPENDIX  D 


TUBE  DESIGN 


From  <t?)  end  (4®), 


<HAT)*t 

Ao~  e  - 
*  1  ♦  rr 


Following  e  similar  procedure  tor  the  threaded  connector, 


APPENDIX  C 


SECONDARY  KF» EcTC 


Brill  Concentration! 


Because  of  the  accelerated  rate  of  creep  at  higher  etreee  levels,  the  pretence  of 
•trees  concent  rations  such  as  bolt  throade  might  be  expected  to  Increase  the  over-all 
creep  rates  of  the  assembly.  However,  the  resulte  of  the  British  Flange  Tested) 
indicate  that  the  creep  of  the  nut  assembly  wee  not  exceedingly  high  if  the  nut  mxterinl 
wa«  equivalent  to  the  bolt  material.  However,  when  carbon  ateel  nuts  were  ueed  with 
alloy  steel  bolte,  the  creep  of  the  nut  aeeembly  wee  exceeeive. 


A  comprehensive  review  of  etrees  concentrations  under  creep  conditions  was 
presented  in  Reference  (24).  The  strength  of  a  specimen  with  a  notch  under  creep  con¬ 
ditions  is  attributed  partly  to  the  ability  of  the  material  in  tha  notch  area  to  flow  rapidly 
and  rodistributs  stresses  at  high  temperatures,  also  because  the  greater  volume  of 
lower  stressed  material  away  from  the  notch  restrains  the  overfall  deformations. 


The  tendency  of  the  bolt  in  a  flanged  Joint  assembly  to  develop  bending  momenta 
due  to  flange  rotations  and  shifting  of  the  nut  reaction  ie  well  known.  Under  creep  con¬ 
ditions,  however,  the  etreee  distribution  becomes  more  favorable  because  of  the  re¬ 
distribution  of  tha  bending  stresses.  Bailey**)  developed  e  solution,  begad  on  the 
steady -elate  creep  law,  for  lit  -  -.rasp  stresses  due  to  combined  axial  and  bonding  loads 
on  a  r octangular  cross  section;  toe  results  era  shown  in  Figure  21.  Tbs  results  for  a 
solid  circular  section  should  be  comparable  because  of  the  relative  values  of  the  plastic 
bending  factor  for  the  rectangular  and  solid  circular  sections. 


Super  in.  posed  alternating  stresses  ere  known  to  affect  the  creep  rets  of  metals. 
However,  Latent**)  showed  that  the  presence  of  alternating  stresses  did  not  appear  to 
affect  greatly  the  creep  rate  for  most  materials.  Results  for  WaepeJt  at  1JOO  T  from 
Reference  (27)  ere  shown  in  Flgurs  22. 

Lengen«cker(2f )  has  recently  discussed  e  problem  of  possible  significance  to 
connoctore  operating  in  a  high  acoustic  radiation  field.  He  found  that  intense  ultra¬ 
sound  could  have  a  marked  effect  on  the  physical  properties  of  solids . 


The  gasket  will  contribute  a  certain  amount  ef  creep  and  flexibility  to  tha  conaactor 
assembly.  This  contribution  is  neglected  in  the  dastga  procedure  in  view  of  the  rela¬ 
tively  short  length  ef  the  gasket  ta  most  designs.  Also,  for  metallic  gaskets,  the 
stresses  in  the  gasket  are  usually  lower  than  those  of  the  bolt  assembly.  In  fact,  ths 
gasket  araa  should  be  c  he  sen,  on  the  basis  of  the  relative  creep  strengths  of  the  gasket 
and  bolt  material,  suck  that  the  creap  rata  of  the  gasket  is  negligible.  Ths  inclusion  of 
ths  gasket  ersep  and  flsxibility  properties  in  the  design  procedure  will  unduly  complicate 
ths  aquations,  with  very  little  gam  in  design  accuracy  for  most  geometries. 


Flange  Rotations 


Changes  in  UM  flange  rotation  and  corresponding  bolt-load  changes  due  te  the 
application  ef  internal  pressure  aye  neglected  in  the  deeign  procedure.  These  effects 


The  tube  design  te  considered  on  page  IS  only  to  the  extent  that  it  affecte  the 
Strength  of  the  connector.  The  tube,  however,  is  subjected  to  progressive  creep  dr- 
formations  with  each  operating  cycle.  The  tube  thickness  should  satisfy  the  minimum 
requir amenta  for  a  creep  design.  Some  of  the  appropriate  theories  avails'  la  for  the 
tube  creep  deeign  are  reviewed  below. 

Flnnie  and  Heller*7*  present  the  equation  for  the  tangential  strain  rats  in  a  thin- 
wallsd  tube  with  closed  ends  under  internal  pressure: 


.  _  n+1  n+1 

‘.■c,  . 


where  i  •CjO'1  ■  ths  strain  rate  which  would  be  produced  by  tha  tangential  stress 

^T 

dT-cT 

acting  alone  in  simple  tension. 

The  creep  of  thin- walled  tubes  under  internal  pressure,  axial  loads,  and  moments 
is  considered  in  Reference  (7). 

Finnic  and  Heller*7)  also  analysed  ths  creep  of  thick-walled  tubes  subjected  to 
internal  pressure.  Based  on  ths  Misss  flow  law  and  ths  steady-state  creep  law  c  e 
0)0",  ths  radial,  tangential,  and  axial  stresses,  respectively,  xre 

(?r., 

r  VjJfTi  ’ 

(irsf- 

■  *  >. .  w„ — .  <7*i 


(*r- 

f*y?r 


cT  »  r  e  d-j*. 


Equations  (72)  reduce  to  the  well-known  Lame  formulae  for  n  «  I.  The  tangential  strain 

rate  ie 

The  steady-state  creep  stresses  and  strain  rate*  in  s  thick-waUel  tubs  under  com¬ 
bined  interne!  pressure  and  axial  load  are  presented  by  4  inme***).  Numerical  solutions 
to  the  equations  are  tabulated  for  various  values  of  the  variables.  In  the  case  where  the 
■.dditiona!  axial  load  ie  either  email  or  large  compared  to  the  axial  load  due  to  internal 
pressure,  simple  approximate  solutions  ere  given.  Finnic**0)  also  pointed  out  ths  lack 
of  complete  agreement  between  the  theoretical  end  experimental  studies  on  multiaxial 
creep  in  tubes,  attributing  ths  discrepancies  to  the  effect  of  hydrostatic  stress  which  ie 
usually  assumed  negligible  in  creep  strain  predictions. 

A  method  for  predicting  the  creep  failure  time  for  either  thin- welled  or  thick- 
welled  circular  cylinders  can  be  found  in  Reference  (II).  True  etreee  end  true  strain 
are  used  and  the  steady-state  creep  law  ie  assumed  valid  until  failure.  The  failure  time 
ie  based  on  plastic  instability,  or  the  time  at  which  the  vessel  wall  ie  no  longer  suf¬ 
ficient  to  hole  the  load.  Simplified  formulae  ere  obtained  for  both  thin-welled  end  very, 
thick-welled  cylinders. 

Creep-rupture  tests***)  were  run  on  Type  Jib  stainless  steel  tubes  at  btgh  tem¬ 
peratures  end  pressures.  The  results  of  the  teste  compere  favorably  with  those  of  uni¬ 
axial  tension  tests  if  effective  stress  and  effective  strain  rets  are  used,  Rattmgei  and 
Padlog<**)  also  present  e  method  of  analysts  for  predicting  creep  rupture  of  cylindrical 
•hells  using  conventional  uniaxial  creep  data. 

A  method  of  analysis***)  for  predicting  the  etreeee*  end  strains  in  thick-welled 
cylinders  considers  primary  as  well  ••  secondary  creep.  The  analysis  te  quite  com¬ 
plicated  and  justifies  a  computer  solution. 

Equations  (71)  and  (71)  result  in  quite  favor  able  strain  rates  for  higher  values  of 
the  exponent  n.  On  this  basis,  the  deeign  procedure  of  the  AS  ME  Boiler  Code*1),  which 
comperes  the  maximum  deeign  stress  to  the  creep  rate  or  rupture  etreee  of  e  uniaxial 
tension  test,  provides  for  a  safe  design. 
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FIGURE  1 1.  INTEGRAL- TYPE  FLANGE  GEOMETRY  (RENE  41  -  1*00  F) 
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FIGURE  U.  RESIDUAL.  BOLT  LOAD  VERSUS  TIME  FOR  BC LTED- F LANGED 
CONNECTOR  (SHOWN  IN  FIGURE  11) 


FICURL  14  LEAKAGE  PRESSURE  VERSUS  TIME  FOR  BO LTF.D- FLANGED 
CONNECTOR  (SHOWN  IN  FIGURE  l  1) 
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APPENDIX  B 


COMPUTER  PROGRAM  FOR  DESIGNING  AFRPL 
FLANGED  CONNECTORS 


This  appendix  is  intended  for  those  who  plan  to  use  the  computing  programs 
IRFDP  and  LRFDP  for  designing  flange  connectors  of  the  types  shown  in  Figure  67  of 
this  report.  Program  IRFDP  is  used  to  design  connectors  containing  two  integral 
flanges,  and  Program  LRFDP  is  used  to  design  connectors  containing  two  loose-ring 
flanges.  By  appropriately  controlling  certain  input  values  of  both  programs,  a  design 
can  be  obtained  for  a  connector  containing  one  integral  flange  and  one  loose- ring  flange. 

A  detailed  description  is  given  of  the  input  and  output  sections  of  Program  IRFDP. 
Program  LRFDP  is  similar  to  IRFDP,  and  the  difference  is  discussed.  Also,  the  inte¬ 
gral/loose-ring  connector-design  approach  is  described. 

Programs  IRFDP  and  LRFDP  were  written  in  FORTRAN  IV  language  for  the 
CDC  6400.  A  list  of  both  the  programs  is  included.  It  is  believed  that  the  programs 
can  easily  be  converted  to  run  on  a  different  machine  with  a  FORTRAN  IV  compiler. 


Item-by-Item  Description  of  Input 
Data  for  IRFDP 


The  computer  input  cards  that  are  necessary  to  perform  the  design  using  IRFDP 
will  be  described  in  this  section.  The  numbers  refer  to  the  card  numbers  as  read  by 
the  program.  The  following  FORMATS  were  used  for  the  input: 

1020  FORMAT  (8F10.  0) 

1021  FORMAT  (8F10.  4) 

1022  FORMAT  (8F10.  9) 

1023  FORMAT  (2110) 


Card  1 


Read  1020,  TBMI 

TBMI  =  Tube  bending  moment  input,  lb-in. 

Set  TBMI  =  0.  001  if  the  value  of  the  bending  moment  is  to  be  selected  internally 
according  to  Equations  (8)  and  (9)  on  page  31. 
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Card  2 


Read  1021,  TOD,  TWI 

TOD  =  Tube  outside  diameter,  in. 

TWI  =  Tube  wall  thickness  input,  in. 

If  TWI  <  0.  001,  then  the  tube  wall  thickness  is  internally  selected  by  Equation  (6) 
on  page  29.  In  the  final  program,  Equation  (6)  also  includes  tube  design  for  impulse- 
pressure  fatigue. 


Card  3 


Read  1020,  TU,  TY,  TF,  TR,  TFRO 

TU  =  Ultimate  tensile  strength  of  tube  material  at  maximum  operating  tempera¬ 
ture,  psi 

TY  =  Tensile  yield  strength  of  tube  material  at  maximum  operating  temperature, 
psi 

TF  =  Fatigue  strength  for  R  =  -  1,  0  of  tube  material  at  maximum  operating 
temperature,  psi 

TR  =  2  Year-Rupture  strength  of  tube  material  at  maximum  operating  tempera¬ 
ture,  psi 

TFRO  =  Fatigue  strength  for  R  =  0.  0  of  tube  material  at  maximum  operating  tem¬ 
perature,  psi. 


Card  4 

Read  1021,  BCDI,  HUBII 

BCDI  =  Bolt  circle  diameter  input,  in. 

If  BCDI  <0.001,  the  bolt  circle  diameter  is  calculated,  also  if  BCDI  <0.001, 
II  =  0  and  BNI  =0.0  (See  Card  30  and  Card  31) 

HUBII  =  Hub  reinforcement  height,  in. 

If  HUBII  <  0.001,  the  reinforcement  height  is  calculated  by  the  program. 
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Card  5 


Read  1021,  G10TWI 

G10TWI  =  Maximum  allowable  hub  reinforcement  ratio, 
where 

GiOTW!  = 

where 


TW  =  tube  wall  thickness,  in. 
HUBI  =  Selected  hub  height,  in. 
Set  G10TWI  =  3.  to  5. 


Card  6 


Read  1021,  FRI,  FSFI 

FRI  =  Radius  input  for  fillet  at.  junction  of  flange  and  hub  reinforcement,  in.  If 
FRI  =  0.  0,  the  radius  is  computed  by  the  program.  It  is  recommended  that  a  value  no 
smaller  than  that  computed  be  used. 

FSFI  =  Factor  of  safety  used  in  fatigue  evaluation.  A  factor  of  2.  0  was  chosen 
for  all  designs. 


Card  7  -  Card  9 


Read,  1020,  FUR 

Read,  1020,  FU,  FY,  FSU,  FCY,  FE,  FG,  FYC,  FYR 

Read,  1022,  FRHO,  FMU,  FTE,  FCR 

FUR  =  Ultimate  tensile  strength  of  flange  material  at  room  temperature,  psi 

FU  -  Ultimate  tensile  strength  of  flange  material  at  maximum  operating  tem¬ 
perature,  psi 

FY  =  Tensile  yield  strength  of  flange  material  at  maximum  operating  tem¬ 
perature,  psi 

FSU  =  Ultimate  shear  strength  of  flange  material  at  maximum  operating  tem¬ 
perature,  psi 

FCY  =  Compressive  yield  strength  of  flange  material  at  maximum  operating 
temperature,  psi 
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FE  =  Young's  modulus  of  elasticity  for  flange  material,  psi 

FG  =  Shear  modulus  for  flange  material,  psi 

FYC  =  Tensile  yield  strength  of  flange  material  at  minimum  operating  tempera¬ 
ture,  psi 

FYR  =  Tensile  yield  strength  of  flange  material  at  room  temperature,  psi 
FRHO  =  Flange  material  density,  lb/in.  3 
FMU  =  Poisson's  Ratio  for  flange  material 

FTE  =  Coefficient  of  thermal  expansion  for  flange  material,  in.  /  °F 
FCR  =  Flange  material  creep  rate. 

Card  10  -  Card  13 

Read  1021,  (R[  NN  ] ,  NN  =  1,8) 

Read  1021,  (R[  NN] ,  NN  =  9,  11) 

Read  1020,  (FF[  NN] ,  NN  =  1,8) 

Read  1020,  (FF[  NN] ,  NN  =  9,11) 

R  =  Stress  Ratio  -  the  algebraic  ratio  of  the  minimum  stress  to  the  maximum 
stress  in  the  stress  cycle.  Eleven  standard  ratios  are  read  in.  They  range  from 
-1. 0  to  1.  0  in  steps  of  0.  2. 

FF  =  Corresponding  fatigue  strength  for  flange  material  at  maximum  operating 
temperature  for  a  given  number  of  cycleB,  psi.  The  values  of  FF  are  obtained  from  a 
modified  Goodman  diagram  for  the  flange  material. 

Card  14 

Read  1021,  SODI,  SIDI,  SELI,  TAI,  TAOTW,  SLEGTI 
SOD1  =  Seal  outside  diameter  input,  in. 

SIDI  =  Seal  inside  diameter  input,  in, 

SEU  =  Seal  tang  length  input,  in. 

TAI  =  Seal  tang  height  input,  in. 

TAOTW  =  Initial  ratio  of  tang  height  to  tube  wall  thickness.  A  value  of  0.  9  to  1.0 
is  recommended. 
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SLEGTI  =  Seal  disk  thickness,  input,  in. 

Let  SODI  <  0.  001  for  the  program  to  calculate  seal  dimensions. 

Card  15 

Read  1020,  RSLI,  SSLI,  MSLI 

RSLI  =  Radial  sealing  load  per  inch  of  seal  circumference,  lb/in. 

SSLI  =  Axial  sealing  load  per  inch  of  seal  circumference,  Ib/in. 

MSLI  =  Minimum  axial  sealing  load  per  inch  of  seal  circumference,  lb/in. 

Card  16  -  Card  17 

Read  1020,  SCY,  SEE,  SCYC,  SCYR,  SYR 
Read  1022,  STE 

SCY  =  Compressive  yield  strength  of  seal  material  at  maximum  operating 
temperature,  psi 

SEE  =  Young's  modulus  of  elasticity  for  seal  material,  psi 

SCYC  =  Compressive  yield  strength  of  seal  material  at  minimum  operating 
temperature,  psi 

SCYR  =  Compressive  yield  strength  of  seal  material  at  room  temperature,  psi 
SYR  =  Tensile  yield  strength  of  seal  material  at  room  temperature,  psi 
STE  =  Coefficient  of  thermal  expansion  for  seal  material,  in.  /°F. 

Card  18  -  Card  29 

Read  1021,  (BH[  NN] ,  NN  =  1,  8) 

Read  1021,  (BH  [NN),  NN  =  9,  15) 

Read  1021,  (BWC[NN),  NN  =  l,  8) 

Read  1021,  (BWC[NN),  NN  =  9,  15) 

Read  1021,  ( BS[  NN ) ,  NN  -  1,8) 

Read  1021,  (BS[  NN]  ,  NN  =  9,  15) 

Read  1021,  (BTAfNN),  NN  =  1,  8) 
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Read  1021,  (BTA(NN),  NN  =  9,  15) 

Read  1021,  (NWT[  NN] ,  NN  =  1,  8) 

Read  1021,  (NWT[  NN] ,  NN  =9,  15) 

Read  1021,  (DAF(NN),  NN  =  1,  8) 

Read  1021,  (DAF(NN),  NN  =9,  15) 

BH  =  Hole  size  for  bolts,  in. 

BWC  =  Bolt  wrench  clearance,  in. 

BS  =  Nominal  bolt  size,  in. 

BTA  =  Bolt  tensile  area,  in.  *• 

NWT  =  Weight  of  a  nut,  lb. 

DAF  =  Diameter  across  flats  for  bolt  head,  in. 

Note:  The  order  of  reading  the  above  bolt  geometry  for  15  different  sizes  is  from  the 
smallest  size  to  the  largest  size  of  bolt. 

Card  30  -  Card  31 

Read  1023,  II,  IMAX 

Read  1020,  BNI 

II  =  Index  for  selection  of  bolt  from  bolt  table  input 
iMAX  =  16 

BNI  =  Number  of  bolts,  input. 

Note:  See  Card  4.  If  BCDI  <  0.  001,  then  II  =  0  and  BNI  =  0  0 
Card  32  —  Card  33 

Read  1020,  BY,  BE,  3U,  BYC,  BYR 
Read  1022,  BTE,  BCR,  BRHO 

BY  =  Tensile  yield  strength  of  bolt  material  at  maximum  operating  temperature, 
psi 

BE  =  Young's  modulus  of  elasticity  of  bolt  material,  psi 

BU  =  Ultimate  tensile  utrength  of  bolt  material  at  maximum  operating  tem¬ 
perature,  psi 
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BYC  =  Tensile  yield  strength  of  bolt  material  at  minimum  operating  tempera¬ 
ture,  psi 

BYR  =  Tensile  yield  strength  of  bolt  material  at  room  temperature,  psi 
BTE  =  Coefficient  of  thermal  expansion  of  bolt  material,  in.  /°F 
BCR  =  Bolt  material  creep  rate 
BRHO  =  Bolt  material  density,  lb/in.  ^ 

Card  34 

Read  1020,  P,  PP,  PB,  PIM,  TMAX,  TMIN 
P  =  Operating  pressure,  psi 
PP  =  Proof  pressure,  psi 
PB  =  Burst  pressure,  psi 
PIM  =  Impulse  pressure,  psi 
TMAX  =  Maximum  operating  temperature,  F 
TMIN  =  Minimum  operating  temperature,  F. 

Card  35 

Read  1020,  DTC1,  DTC2,  DTH1,  DTH2 

DTC1  =  Thermal  gradient  at  minimum  temperature  from  seal  or  tube  to  flange,  F 

DTC2  =  Thermal  gradient  at  minimum  temperature  from  flange  to  bolt,  F 

DTH1  =  Thermal  gradient  at  maximum  temperature  from  seal  or  tube  to 
flange,  F 

DTH2  =  Thermal  gradient  at  maximum  temperature  from  flange  to  bolt,  F. 

Card  36 

Read  1021,  FS1,  FS2,  FS3 

FS1  -  Factor  of  safety  for  flange  and  seal  material 
FS2  =  Factor  of  safety  for  bolt  material 
FS3  is  not  presently  used. 
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For  additional  guidance,  the  actual  cards  used  lor  designing  3-inch,  1500-psi 
integral-integral  aluminum  connectors  are  reproduced  in  Figures  3-1  and  B-2. 


Description  of  Computer  Output  for  IRFDP 


The  interpretation  of  the  output  of  Program  IRFDP  is  given  below.  The  value  of 
each  variable  is  printed  directly  below  its  symbolic  definition.  The  output  sheets  ob¬ 
tained  for  the  3-inch  1500-psi  integral-integral  aluminum  designs  are  reproduced  on 
pages  B-60  through  B-62 

The  input  to  the  design  is  first  printed  out  exactly  in  the  same  order  as  read  in. 
This  must  be  reviewed,  as  it  provides  a  check  to  insure  that  the  proper  data  were  key 
punched.  As  an  example,  a  value  of  0.  001  is  printed  under  TBMI  (for  definition  of 
symbols  of  input  item,  see  pages  B-2  through  B-8),  hence  TBMI  =  0.001  lb-in.  The 
design  output  is  then  printed  and  consists  of  several  parts.  First  the  tube  bending  mo¬ 
ment  (TBM,  lb-in.  )  and  corresponding  bending  stress  (TBS,  psi)  are  printed  and  then 
the  torque  per  bolt  (TRQ,  lb-in.  )  required  to  assemble  the  connector  is  printed. 


The  second  part  of  the  output  consists  of  the  calculated  component  loads  for  the 
seven  design  conditions  as  described  on  page  81  of  this  report.  Also,  refer  to 
Figures  71  and  72.  The  definitions  of  the  loads  are  as  follows: 

MO  =  Equivalent  flange  moment,  lb-in 

BL.  =  Axial  bolt  load,  lb 

SL.  =  Axial  seal  load,  lb 

RSL  =  Radial  seal  load,  lb 

MP  =  Flange  moment  due  to  pressure,  lb-in. 

MC  =  Flange  moment  due  to  creep,  lb-in. 

Hence  MOl  means  the  equivalent  flange  moment  under  Condition  1,  and  so  on. 
These  definitions  apply  to  all  the  seven  design  conditions.  However,  for  Condition  2 
and  Condition  6,  the  above  definitions  arc  expanded  and  some  new  terms  are  defined 
as  follows : 


Condition  2 

M02,  BL2,  SL2,  RSL2  are  component  loads  with  creep  under  Condition  2. 

M02P,  BL.2P,  SL2P,  RSL2P  are  component  loade  under  Condition  2  with  no 

creep. 
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M02M,  BL2M,  S12M,  RSL2M  are  component  loads  under  Condition  2  with  no 
creep  and  a  minus  bending  moment. 

Condition  6 

MCTG6  -  Flange  moment  due  to  cold  thermal  gradient,  lb*in. 

MHTG6  =  Flange  moment  due  to  hot  thermal  gradient,  lb-in. 

M06C,  BL6C,  et  al.  ,  are  component  loads  under  Condition  6  at  minimum  tem¬ 
perature  with  creep. 

M06CN,  BL6CN,  et  al.  ,  are  component  loads  under  Condition  6  at  minimum 
temperature  without  creep. 

M06H,  BL6H,  et  al.  ,  are  component  loads  under  Condition  6  at  maximum  tem¬ 
perature  with  creep. 

M06HN,  BL6HN,  et  al.  ,  are  component  loads  under  Condition  6  at  maximum 
temperature  without  creep. 

The  stress-concentration  factor  (KTF)  used  in  the  fatigue  analysis  is  printed  out. 
The  next  section  of  the  output  consists  of  stress  valuer  for  the  seven  design  conditions. 
In  the  following  description,  A  means  the  value  at  the  inside  point  of  the  junction  of 
flange  and  tube  and  B  implies  the  values  are  at  the  outside  point.  The  other  stress 
values  are  at  the  flange  inside  diameter.  Also,  the  definitions  for  design  conditions 
are  as  described  in  the  load  values  printout. 

EXA  =  Equivalent  maximum  stress  at  A,  psi 

ENA  =  Equivalent  minimum  stress  at  A,  psi 

EXB  =  Equivalent  maximum  stress  at  B,  psi 

ENB  =  Equivalent  minimum  stress  at  B,  psi 

SMAX  A  =  Maximum  stress  in  axial  direction  at  A,  psi 

SMIN  A  =  Minimum  stress  in  axial  direction  at  A,  psi 

FFC  A  =  Allowable  fatigue  stress  at  A,  psi 

SMAX  B  =  Maximum  axial  stress  at  B,  psi 

SMIN  B  =  Minimum  axial  stress  at  B,  psi 

FFC  B  =  Allowable  fatigue  stress  at  B,  psi 

SH  =  Flange  axial  stress  due  to  bolt  load  or  seal  load,  psi 

SRS  =  Flange  axial  stress  due  to  radial  seal  load,  psi 
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S PR  =  Axial  stress  in  flange  due  to  pressure,  psi 
SPA  =  Axial  stress  in  flange  due  to  axial  pressure  load,  psi 
SB  =  Axial  stress  in  flange  due  to  bending  load,  psi 
SR  =  Radial  stress  in  flange,  psi 
ST  =  Tangential  stress  in  flange,  psi 
BTS  =  Bolt  tensile  stress,  psi. 

The  next  section  consists  of  the  final  dimensions  of  the  design.  These  dimen¬ 
sions  are  shown  in  Figure  B-i  and  include: 

H  =  Axial  length  of  hub  reinforcement,  in. 

HUBI  =  Hub  reinforcement  height,  in. 

G1  =  Hub  reinforcement  height  plus  tube  wall  thickness,  in. 

FR  =  Fillet  radius,  in. 

TW  =  Tube  wall  thickness,  in. 

TOD  =  Tube  outside  diameter,  in. 

A  =  Flange  outside  diameter,  in. 

B  =  Flange  inside  diameter,  in. 

XT  =  Flange  thickness,  in. 

BCD  =  Bolt  circle  diameter,  in. 

SOD  =  Seal  outside  diameter,  in. 

SID  =  Seal  inside  diameter,  in. 

SEL  =  Seal  tang  length,  in. 

TA  =  Seal  tang  height,  in. 

SJLEGT  =  Seal  leg  thickness,  in. 

BS(I)  =  Nominal  bolt  size,  in. 

BH(I)  =  Hole  size,  in. 

BTA(I)  =  Bolt  tensile  area,  in.  2 

BWC(I)  =  Wrench  clearance,  in. 
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BN  =  Number  of  bolts 


WGT  =  Approximate  weight  of  connector  assembly  up  to  and  including  hub 
reinforcement  length,  lb. 

Input  Description  for  Program  LRFDP 

In.  the  following  description,  the  order  of  card  input  is  1  to  7,  8,  9a,  etc. 

Cards  1  to  3,  Same  as  in  IRFDP 

Card  4,  Read  1021,  AI,  HUBII, 
where 

AI  =  Stub  flange  diameter  input,  in.  If  AI  =  0.  00,  then  the  program  computes 
the  diameter. 

HUBII,  same  as  in  IRFDP. 

Card  8a,  Read  1021,  FCYC,  FCYR. 

FCYC  =  Compressive  yield  strength  of  flange  material  at  minimum  temperature, 
psi. 

FCYR  =  Compressive  yield  strength  of  flange  material  at  room  temperature,  psi. 

Card  9  —  Card  33,  Same  as  IRFDP 

Card  33a,  Read  1021,  BCDI 

BCDI  -  Bolt  circle  diameter  input,  in.  If  BCDI  <  0.  000  then  II  =  0.  0  and 
BNI  =  0.  0  (see  Cards  30-31). 

Card  33b  -  33d 

Read  1020,  RU,  RY,  RSU,  RCY,  RE,  RG,  RYC,  RYR 
Read  1020,  RCYC,  RCYR 
Read  1020,  RTE,  RCR,  RRHO 

RU  =  Ultimate  tensile  strength  of  ring  material  at  maximum  temperature,  psi 
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RY  =  Tensile  yield  strength  of  ring  material  at  maximum  temperature,  psi 

RSU  =  Ultimate  shear  strength  cf  ring  material  at  maximum  temperature,  psi 

RCY  =  Compressive  yield  strength  of  ring  material  at  maximum  temperature, 
psi 

RE  =  Young's  modulus  of  elasticity  for  Ring  material,  psi 

RG  =  Shear  modulus  for  Ring  material,  psi 

RYC  =  Tensile  yield  strength  of  ring  material  at  minimum  temperature,  psi 

RYR  =  Tensile  yield  strength  of  ring  material  at  room  temperature,  psi 

RCYC  =  Compressive  yield  strength  of  ring  material  at  minimum  temperature, 
psi 

RCYR  =  Compressive  yield  strength  of  ring  material  at  room  temperature,  psi 
RTE  =  Coefficient  of  thermal  expansion  for  ring  material,  in.  /°F 
RCR  =  Ring  material  creep  rate 
RRHO  =  Density  of  ring  material,  lb/in.  3 

Card  34,  Same  as  in  IRFDP. 

Card  35,  Read  1020,  DT1C,  DT2C,  DT3C,  DT1H,  DT2H,  DT3H 

DT1C  =  Thermal  gradient  at  minimum  temperature  from  seal  or  tube  to  flange,  F 
DT2C  =  Thermal  gradient  at  minimum  temperature  from  flange  to  ring,  F 
DT3C  =  Thermal  gradient  at  minimum  temperature  from  ring  to  bolt,  F 
DT1H  =  Thermal  gradient  at  maximum  temperature  from  seal  or  tube  to  flange,  F 
DT2H  =  Thermal  gradient  at  maximum  temperature  from  flange  to  ring,  F 
DT3H  =  Thermal  gradient  at  maximum  temperature  from  ring  to  bolt,  F. 

Card  36,  Same  as  in  IRFDP. 

Description  of  Output  for  LRFDP 

As  in  program  IRFDP,  the  input  data  is  first  printed  out 

The  design  output  consists  of  the  same  sections  as  in  IRFDP  with  a  few  additional 
print-outs  in  the  "stress  for  all  conditions"  section  and  in  the  "dimensions"  section. 
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In  the  stress  section  after  the  bolt  tensile  stress  (BTS),  the  contact  stress  be¬ 
tween  the  ring  and  the  stub  flange  (SFB)  is  printed  for  all  design  conditions. 

In  the  dimension  section  the  following  interpretations  are  made: 

A  =  Outside  diameter  of  stub  flange,  in. 

B  =  Inside  diameter  of  stub  flange,  in. 

XT  =  Stub  flange  thickness,  in, 

ROD  =  Loose-ring  outside  diameter,  in. 

RID  =  Loose- ring  inside  diameter,  in. 

RFR  =  Ring  fillet  radius  which  fits  in  with  the  flange  fiilet  radius,  in 

The  rest  of  the  output  interpretation  is  as  described  in  IRFDP.  The  dimensions 
for  connectors  with  loose-ring  flanges  are  shown  in  Figure  B-4. 


Designing  an  Integral  Loose-Ring  Connector 


(1)  Design  a  connector  using  iRFDP 

(2)  Design  a  connecter  using  LRFDP 

(3)  Select,  the  maximum  bolt  circle  diameter  from  Steps  1  and  2 

(4)  If  the  bolt  circle  diameter  is  maximum  in  Step  1,  then  run 
Program  LRFDP  with  the  values  as  the  input  in  Card  33a 
(LRFDP).  Also,  the  required  number  of  bolts  and  the  bolt  index 
are  read  in  (Card  30-31)  as  obtained  in  Step  1. 

(5)  If  bolt  circle  diameter  is  maximum  in  Step  2,  then  run  Program 
IRFDP  with  this  value  as  the  input  in  Card  4  (IRFDP).  Also, 
the  required  number  of  bolts  and  the  bolt  index  are  read  in 
(Card  30-31)  as  obtained  in  Step  2. 

(6)  By  using  dimensions  in  Steps  1  and  4  or  Steps  2  and  5,  a 
matching  connector  is  obtained  for  an  integral  flange  and  a 
loose-ring  flange. 
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PROGRAM  lHf-OP  <  INPUT.OUTPUT . TAPE60*INPUT> 

TYPE  HtAL  LT.MsL,K»LCF.LCO»L.MP2.MC2,KOI.NA1#NA2.NA3 

TYPt  REAL  NB]  .Nb2,NB3,M02*M02P»M02M*MP3.M03»MP5»M05tM06.MC6» 
lMCTG6.MrtTGfc.M06LW.M06H,MQ&NN.M07»MK»MP6 
TYPt  HtAL  MSLI 
TYPt  HtAL  NWT 
TYPt  HtAL  KTF 

DlMtNSl ON  Htn)  ,FF(n)  .BHU5)  #8WCC15)  *BS(iS>  *8TACl5)  »NKT <l§> 
UlMtNSlON  OAf ( l*) 

c  tu«e  loau-inPut 

1020  format  (BKIO.C) 
ioil  FORMAT 

1022  FOrhaj  (bFIO.9) 

1023  FORMAT  (2110) 

999  REAO  1020*TBM1 

IF(tOF.feO)  998,997 
C  TUBE  GEOMETRY 

997  READ  1021. TOO. Twi 

C  tube  material  properties 

READ  1020.TU.TY.TF.TR, TFRQ 
C  flange  geometry 

READ  1021 »BL01 tHUBII 
HEAD  1 021 .GlOTWl 
RfcAO  1021 .FRI.FSF1 
C  FLANGE  MATERIAL  PROPERTIES 
RE AO  1 020  »FUR 

REAO  1020»FU,FY»FSU»FCY*FE.FG»FYC#FY« 

READ  1022*FRHO,FMu»FtE,FCR 
REAO  1021s  tR(NN) ,NN«1 ,8) 

REAO  1021*  (R«NN) ,NN»9,11) 

REAL)  1020.  iFF  (NN)  ,NN«lt8) 

REAO  1020 »  <FF  «NN)  ,NN*9.1U 

c  seal  geometry 

REAO  1021 *5001 iSlOI »SELI tTAJ • YAOTtf vSLEGYI 
C  SEAL  LOAUS- INPUT 

REAO  1020.RSLI.SSLI.MSLI 
C  SEAL  MATERIAL  PROPERTIES 

REAO  1020. 3CY, SEE, SCYC.SCYHtSYR 
REAO  1022.  STE 
C  BOLT  GEOMETRY 

REAO  1021*  <BH (NN)  ,  NN»J ,8} 

REAO  1021. (bH ( NNS ,NN«9t 1 5) 

REAO  1021 , (BhC <MN) ,NN»1.8) 

REAO  1021. (BWC (NN) ,NN*9,15) 

REAO  1021. (BS(NN) ,NNb199) 

REAO  1021 . (BS(NN) ,NN»9.15) 

REAO  1021. (BTA(NN) ,NN«1,8) 

REAO  1021.  iBTA<NN) »NN*9*15) 

REAO  1021 . <N*T (NN) ,NN«1 . 8) 

REAO  1021 . (NWT (NN) . NN»9  » 15 ) 

REAO  1021 . (OAF <NN! ,NN«1 .8) 

REAO  1021 . (OAF <NN) ,NN«9. 15) 

C  BOLT  INPUT 

REAO  1023. 11. IMA A 
REAO  1020. BN1 

C  BOLT  MATERIAL  PROPERTIES 


R  14 


Ht  AO  102l).BY,BE,Bu»BYCfBYR 
HEAD  1022idTL,BCR»BRHO 
C  SYbTtM  PRESSURE  AND  TEMPERATURE 

KtAO  10?0tP«PP,PH»PlM„TMAX»TMlN 
READ  1020*D7Cl»DTC2»OTHJ»DTH2 
READ  1021«FS1*FS2»FS3 

9020  FORMAT  (Ut 10.0) 

9021  FORMAT  (BFlO.4) 


9022 

9023 

726 

2020 

2021 

2000 

2001 

2002 

2003 

200  '♦ 

2005 

800 

2037 

2006 
801 

2007 

200H 

2009 

2010 


FORMAT  (ttUO.8) 

FOhhaT  (2110) 

PRINT  726 

FORMAT  <2bX,  J,9M INPUT  TO  THE  DESIGN///? 

PRINT  202C 

FORMAT  (16H  TUBE  LOAO-INPilT) 

PHINT  2021 
FORMAT  (3A.4HTBM1) 

PRINT  9021. TfctMl 
PRIN1  2000 

FORMAT  ( 1  AH  TUBE  GEOMETRY) 

PRINT  2001 

FORMAT  <6X#3HiOO»TXi3HTW1) 

PHINT  9021  »  TOD* Twi 
PHIN1  2002 

FORMAT  (2bM  TUBE  MATERIAL  PROPERTIES) 

PRINT  2003 

FORMAT  < 7X.2HTU. BX, 2HTY.8X,2HTF»8X,2MTR*®X» AMIPRO) 

PRINT  9020,1U.TY,TF»TR#TFRO 
PHINt  2004 

FORMAT  ( 1 6H  FLANGE  GEOMETRY) 

PRINT  2006 

F QrMA T  » 5X ♦  4HBCD I  »5Xt  5HH(jB 1 1 ) 

PRINT  9021 ,BC01 ,HUBII 
PRINT  dOO 

FORMAT  <3x»6KG10t*I) 

PRINT  9021 «GiOTWl 
PRINT  2037 

FORMAT  <6x»3HFRI,6x«AHFSFI) 

PRINT  9021 «F H I » FSF I 
PRINT  2006 

FORMAT  ( 27M  FLANGE  MATERIAL  PROPERTIES) 

PRINT  801 
FORMAT (6X.3HFUR) 

PRINT  9020, FUR 
PRINT  2007 

FORMAT  (7A,2MFU»8X,2HFY,rx*3HFSU.7Xt3HFCY*8X#2MFE*BX,2MFG»7X* 
13MF  YL*  7  X  *  3HF YR) 

PRINT  9020,Fu,FY,FSU,FCy»FE,FG,FYC*FyR 


PRINT  2Q08 

FORMAT  lbA»4HFRHO,5X.3HFMU»7X,3MFTE»7Xt3MFCR) 
PRINT  9022,FRHQ,FMO«FTE.FCR 
PRINT  2009 


F  OHMAT 

<bX* 

4HH  <1 ) 

,6X 

» 4HR ( 2 ) .6X,4HRT3) 

,6X,4HR (4) 

4HR (6) 

♦  6*»4 

HR ( 7 !  , 

6X» 

4HR  (8)  ) 

PRINT 

9021  t 

HU  )  ,R 

(2) 

*  R  <  3 ) ,R(4) ,R (5)  •  R 

(6) t  R  S  7) * R 

PRINT 

2010 

F  ORMAT 

<bA, 

4HH (9) 

,5X 

,5HR (10) »SX »5MR  T 1 

1)  ) 

♦feX.AHR (5) ,6X, 

(8) 


l\-  1  S 


PRINT  9021, R(9>  *R<10»  iRUl) 

PRINT  2011 

2011  FORMAT  (4X.5HFF (l)  .5X.5HFF  (2)  .SX.S^FF  (3)  .5X.5HFF  (4)  .5X.5HFF  ($>  .5X, 
I5MFF  (6) .5X.5HFF (7) .5X.5HFF (8) ) 

PRINT  9020  »FF  (1) »FF(2>  *FF (3) »FF (4) «FF(5) »FF (6) »FF(7) »FF (8) 

PRINT  2012 

2012  FORMAT  14X.5HFF  j9)  .4X.6HFF  «10)  .4X.6HFF  (UM 
PRINT  9020iFF (9) *FF(10) •FF(ll) 

PRINT  20 1 3 

2013  FORMAT  U4M  SEAL  GEOMETRY ) 

PRINT  2014 

201*  FORMAT  <5A,4HS0l>I,6X.4HSIQI,6X.4HSEU.6X%3HYA:[;.5X»5HTA0TM.4X»6HSU 
1GTI) 

PRINT  9021*SOOI,SIOl«S£Ll»TAI,TAOT»tSLEOTI 
PRINT  201b 

2015  FORMAT  UHH  SEAL  LOADS  INPUTS) 

PRINT  201fc> 

2016  FORMAT  ( SX. 4HRSL1 . 4X» 4HSSL I . 4X , 4HMSI I ) 

PRINT  9020# RSLI *  SSL I »MSL  I 

PRINT  2017 

2017  FORMAT  (2Srt  SEAL  MATERIAL  PROPERTIES) 

PRINT  20 IB 

201»  FORMAT  (7X.3HSCY.7Xo3H$EE.6X.4H$CYC.6X,4h>CYR*7X»3H$YR) 

PRINT  9020#SCYsS£F.ScYC*ScYR»SYR 

print  2019 

2019  FORMAT  (3X.3HSTE) 

PRINT  9022# STE 
PRINT  2022 

2022  FORMAT  ( 1 4W  BOLT  GEOMETRY) 

PRINT  2023 

2023  FORMAT  «4X,5MBH<1)  .5X.5HBH(2)  tSX.5HBH(3>  ,5X»5HBHU)  .SX»5MBH(5>  »5X. 
15HBH (6) #5X,5NBM(7) #5X#5H8H(8) ) 

PRINT  9021  *BHU  )  #BH<2)  #BH<3)  «BH(4)  *8H(5)  ,0H<6)  «$H(7)  »8H(8) 

PRINT  2024 

2024  FORMAT  (4X,5MBH(9)  .4X.6HBH.10)  .4X.6H0H(ll)  .4X.6H8HU2)  #4X«6HBH(I3) 
1 »4X  #BhbH ( 1 4 )  #4X,6HBM<I5) » 

PRINT  9021. »H<9) »BH ( 10) *BH ( l 1 > ,BH ( 12) .BH U 3) »BH (14) *BH ( 15 ) 

PRINT  202b 

2025  FORMAT  (4X.6HBWCU)  »4X.6HBWC(2)  .4X.6HBMCO)  .4X.6HBMCU)  «4X*6HBwC(5 
1) » 4X ( 6HdWC ( 6 ) .4x.fcrtB*C<7) ,4X»bHBMC(8)  ) 

PKINI  9021 »BwC ( 1 ) ,BMC(Z) .BMC (3) »BmC(4> »8mC(5> »BwC<6) .B*C(7) .BmC(B) 
PRINT  2026 

2026  FORMAT  (4X.6HBMC(9)  » 3X . ThBMC ( 1 0 >  .3X»7HBMC(U)  .3X.7HBWC  (12)  »3X. 
17Hb*<c(13)  »3X,7HB«C(14)  .3X.7HBMC  ( 15)  ) 

PRINT  9021. BMC (9) ,BMC(10) .BMC ( 1 1 ) .BMC ( 12 ) .BMC (13) .BMC (14) .BMC (15) 
PRINT  2027 

2027  FORMAT  (5X.5MBSU)  .5X.5MBS(2)  »5X.5HB$(3>  .5X»SMBS(4)  .5X,5HB5(§>  »5X, 
15HbS(6) »SX.5mbS(7) »5x.5MBS(B) ) 

PRINT  9021 «BS (1) . BS (2) *BS(3) .6$ (4) »B$ (5) »BS (6; .85(7) »BS (S) 

PRINT  2028 

2020  FORMAT  (5X,5H8S(9)  .4x » 6HBS  (10)  .4X.6H8SU1)  ,4X.6M8S(12>  »4X.6M)JS(13) 

1 .4x.t>H«s  ( 14)  ,4X.6H«S»15)  ) 

PRINT  9021. BS( 9)  »BS(10)  .BS(ll)  .BS(12)  »BS(13)  .BSd*)  »BS(15> 

PRINT  2029 

2029  FORMAT  (4X,feHBTA<I) .4X,6NBTA(?) ,4X.6MBTAj3> #4X.6HBTA(4) »4X.6HBTA(5 
1!  ,4X,bndlM6>  ,4x,6HBTA(7)  ,4x.6hBTA(B)  > 


B  -  1  ( 


PRINT  9021,BTA(1) #BTA(2) ,BTA(3)  » 8T  A  ( 4 )  ,S?A  «  5)  #BTA  (6)  .3TA(7)  »8TA  (6) 
PRINT  2030 

2030  FORMAT  (4X,6HBTa  (9)  »  3X » 7HBTA  (10)  # 3X« 7HBTA  1 1 1 )  .3X.7MBTA < 12)  .3X.7HBT 
Uil3j  »3X«7hbTA<1*>  »3x*7HBTAU5)I 

PRINT  902i,BTA<9)  ,STA  ( 10 >  »BTA  (11 )  ,BTA  (12)  18TA  (13)  ,BT A  (14)  ,BTA(15) 
PRINT  2053 

2053  FORMAT  ( 4X . 6HNWY (1) .4X.6HNWT (2) .4X.6HNWT (3) .4X.6HNWT (A) .4X.6HNWT 15 
1) .4X.6HNWT (6) .4X.6HNWT  (7) ,4X,6KNWT<8) I 

PH  INI  9021  *Nwi  <n  ,N*T (2)  vNWTO)  #NWT  (4) ,NWT<5)  »NWT<&>  »NWT(7>  »NWT<8) 
PRINT  2054 

2054  FORMAT  <4X.6HNWT(9)  . 3X , 7HNW V ( 1 0 >  .3X.7MNWTU1)  .3X.7HNWY  (12)  »3Xe  ?HNW 
IT (13) »3X,7MNWT (14) ,3X«7HNWT (15) > 

PRINT  9021  *NWT  (9) ,NWT ( 10 > .NWT < 1 l > ,NWT ( 12)  .NWTU3)  *NWT<14)  .NWTU5) 
PRINT  2038 

2039  FORMAT  <4X.6HDAF(l) .4X.6H0AF (2) ,4X»6HDAF(3>  »4X»6HDAF<4)  #4X*6HQAF«5) 

1  .4X.5HUAF  (6)  »4X*6H0AF(7)  »4X »  6HDAF  (8)  ) 

PRINT  9021.DAF (1) ,0AF(2) ,DAF(3) ,DAF (4) .OAF (5) .OAF  $6) ,DAF(7) *0AFI8) 
PRINT  2039 

2039  FORMAT (4X.6HDAF (9) . 3X . 7HOAF  < 1 0 >  » 3X . 7HDAF ( U > *3* .7HOAF ( 12) ,3*.7MDAF 
1(13) »3X, 7HOAF(14) .3X.7HDAFU5) ) 

PhIN|  9021, OAF (9) , OAF (10) .OAF (11) , OAF (12) , OAF (13) .OAF (14) .OAF  1 15) 
PRINT  2050 

2050  FORMAT  ( 1 1 H  bOLT  INPUT) 

PRINT  2051 

2051  FORMAT  <«X»2HII,3x.4HIMAx) 

PRINT  9023.U.IMAX 

PRINT  2052 

205*  FORMAT  (6X.3HBNI) 

PRINT  902I.BNI 
PRINT  2031 

2031  FORMAT  <2bH  BOLT  MATERIAL  PROPERTIES) 

PRINT  2032 

2032  FORMAT  (HX.2HBY • 8X . 2HBE » 6X . 2HSU , 7X . 3HBYC . 7X . 3HBYR > 

PRINT  9020.BY.BF-.BU.8YC.BYH 

PRINT  2033 

2033  FORMAT  (6X,3HBTf:,7X,3MBCR.6X,*HBRMO) 

PRINT  9022.bTE.BCR.BRHO 

PRINT  2034 

2034  FORMAT  (32M  SYSTEM  PRESSURE  AND  TEMPERATURE) 

PRINT  2035 

2035  FORMAT  (9X.IHP,9x,2MPP,8x.2HPB,7x»3HPIM,6X.4HTMAX.6X»4HTM1N) 

PRINT  9020. P.PP.Pb.PIM.TMAX.T MIN 

PRINT  2055 

2055  FORMAT  (8X,4H0tC1,6X,4MDTC2,6x.4H0TH1,&x,4HDTM2) 

PRINT  9020fUTCl.UTC2.OTHl.DTH2 

PRINT  2036 

2036  FORMAT  (7X.3HFS1 , 7X . 3HFS2 , 7x . 3HFS3 > 

PRINT  9021 *FS1 .FS2.FS3 

XOUNT  *0 

C  TUBE  CALCULATIONS  TUBE  wall  .TUBF  bendinq  MOMENT, tube  bemoing  STRESS 
TW2*1 . l«PP*TOD/ (2.*Ty* ,8*PP) 

TW3*1  *  l*PB<*TOD/  (2,*Tu* .8#PB> 

IF ( TFRO  ,fcU,  0,0)  30  TO  16 
TW4*1 , 1*PIM«T00/ (2,*TFR0*,8«PIM) 

30  TO  17 
16  T*4* T ml3 


n-  it 


IT  CONTINUE 

If  (.OQl'TNm.1,2 

1  TWhTmI 
00  TO  3 

2  TW»HAX1F<T*2sTW3»T*4> 

3  «»3.1*16»(T00**^-<T00»2.*T»()  ••♦) / (32,*T0D> 
IFsTOMI  ,tQ,  0,001 )  5.4 

4  TBM*T0M1 
00  TO  6 

5  TBM2*«*,6667»TV 
TBM3«»*.8*TR 
TyiM4#W*,5#TF 

t0NS*mvlf  <TBM2,TBM3»TBM4) 

TtJMb'60,*  iTPDO,)**3 
T0M*MIN1,F  <?8M5,TBM6> 

6  T0S“T0N/X 
PI«3.l*16 

IF  <TQD-3.0> 26,26.27 

26  0LO®.5*T0S*PI*  <TOO-TW)*TW« (.5*.5» (TOO/3. > 1 
00  TO  33 

27  0LO*.S®TB5*PI*(TOD-TW)*T* 

33  0L1»«AX1F<0LO.SSU»PI*TOO) 

0NP«4. 

IF (T00»3,0) 60.60.61 
60  1*1 

00  TO  62 
61  1*2 

62  XT«3,*TW 
GO*TM 

IF (.001 -HUB I 1)6*. 63. 63 

63  Gi«i.2b*TW 
00  TO  65 

64  Gl»t4*HU0n 

65  0*TOO-2.«T« 

IF(.001-FHI)700.70I»701 

700  FR-F«I 

00  TO  702 

701  IF ( TQD<*4. >703.703.704 

703  FR*0. 125 
00  TO  702 

704  IF (T00-8. >705,705, 706 

705  FR«0,1875 
00  TO  702 

706  IF (TOO-12, >707,707. 70* 

707  FR-0.25 
00  TO  702 

708  FR-0,3125 
70?  CONTINUE 

SLEO«0.l*0.012*TOO 
S 1 0“  t  T 0[)**2 •  *T W )  *2  •  ®Sl£0*0 ,15 

14  "  A*  T  aQT  w*  T  X 

15  S00»SI0*2.*TA*2.«SLE0 
03«SI0*?.*TA 

SLEOl 1»RSLI*(S00/03>/SCTR 
SLEuT2«0,0<»*  (0,001*P**0,5*TOO>  /12,0 
StEOT-MAAlF  «SLE0T1 .SLEGT2) 


B  IH 


TAHSLsKSU*  < sod/03)  -SCYR*  (S00*30D»03*03>  *SLE9T/  <SOO^SOO> 
S£l*2»*RSLI/  f 5CYR#ALOG<03/SI0j  ) 

SXsStL/2. 

LTaStL/TA 

la  IF (A.O-LT) 19» 19.2S 

19  TA*TA*.005 
GO  TO  lb 

2b  If  UOOI-SODI)  32.32.28 
3 2  bOD*bOl)I 
SIl)*a*lul 
SfcL*SfcLl 
TAeTAI 

SLE6T*SL£GT1 

SX*S(-L/2. 

c  loao  calculations 

?a  MSL=MSLJ*PI*50D 
c  PRELIMINARY  BOLT  CALCULATION 

107  IF  < I-lMAX)  10B»i009*1009 

1009  print  1010 

1010  FORMAT  ( ix 1 36HB0LT  REQUIRED  NOT  AyAlLABLE  IN  TABLE) 

GO  TO  999 

108  HUBl*Gl-TW 

BtDl*SOO*2.M (SLEGT*6.0*RSII*FS1/FY)»*,5) ♦BH(I) 
aCU2*SOO*2.#<RSLI*FSl/FSU) ♦BH**) 

9CDJ*T0Q4BWC  « I i *2,*HuBI 
BC0*»2.«  U060*TOO*.0075>  *$OD*iJH<!) 

BCU6*T0D.2.*HUBl  *2 .♦FR-vOaF  <  I S 
BCObsMAxlF (BCOl tBC02.BC03«BC04tBCD6) 

IF ( .Q01-8CUI) 110.113,113 
110  IF { BCU^-BLOI )  112*112  el  005 

100b  PRINT  1006 

1006  FORMAT  ( iX « 32HBCD  INPUT  SMALLER  THAN  ALLOWABLE) 

112  BCO-BCOI 
BNcdNl 
I«ll 

GO  TO  11 A 

113  0CD*c»COb 
BN»BCD*PI/'BWC  (I) 

Nb*BN/2. 

N«2*NB 

bn«n 

iu  a«blo*2,*bm( n 

H2* (2«*BCO-A-B) /A  . 

Hi* ( A-b-2*  T  A )  /  A  » 

ha*  (  (A*B )/♦.)-  ( 1  ./3.)  •  (S0D**2*S0D*B*B**2)  /  (SOD-»B) 

H5»  UA-B)  /A.  )  -  (  TW*HUBI )  /2» 

H6»H5 

C  FLANOE  SUE  CALCULATION 

201  COnTjnUE 

He?  »0*  IH*GG ) **  .5 
Hb*  ( t»CU-tt~G0  )  /2  • 

K*A/« 

T* (  (***)*( 1 . 0*8.bb2A6*ALOGl 0  <K ) ) -l u  0) / < ! 1 . 0A720» 1 • 9A480#X*K) * (K-l , 

1  )  ) 

U  =  <  <K*K) * (1 .0*B.SS2A6»ALOG10 (K  > 1 -1 , > / (1  .36136* tK**2-l ,) *  <K-1 .)  ) 

Y«< 1 ,/ (K-l .) >  * ( .fc6aAb*b,Tl7* 1 (K*K>  *ALOG10 !K) / <K*»2-1 .) ) ) 


H  l‘-» 


Z*(K*K*l.)/(K®K.l,) 

F* ,909-, 031* ( 61/60-1. )  ». 1605* <G1 /0O-1 . ) **.5 
V*.55*.15*(G)/60-l  .>  -.558*<G1/G0-1  .)**.5 
HO»  « |B*G0> *G0) **.5 
LCE-F/mQ 

LCD- (U/V) *HO*GQ**2 
202  L-(XT*LCfc*l.)/T*(XT**3)/LCD 
GE-0.5* (91*00) 

HPO*(B*GE>  **.5 

C1«(3.**.5)*(2.-FMU)/<4.*F£*(1.-FMU**2>  > 

C2«(3,/ <1.-FMU**2) )**,5 
C3*(12.*  <1 ,-FMU*»2) >  **.25 

C4«<  (12.*(1.-FMU**2)  )**.25)/(2»*<l. »FMU**2 )  ) 

BETA- (3,*< l.-FMU**2)/( « ( <  TOD/2. ) *3E-G0 ) **2 > * <G£ ) *«2> )**.25 
HQP»(8*GE) **,S 

6AMHA* (Gt*  <FMU*Z) * « 1 .*C3*XT/HOP5 ) / ( 1 . ♦ <C4*B*GE*«3# (FMU*Z) / (HQP*XT* 
l*3)« (2*C3*XT/MOP) ) ) 

DT«FE*GE**3/(12.*(1.-FKU**2> ) 

UF«FE*xT**3/(12.*<i.-FMU*«2) > 

XP»  < ( ( (1,*FMU)/(1.-FMU) )*K**2*l.)*B)/( <K«*2-l.)*( i,*FMU)*2.»0F) 
AT-(Pi/4.) *(T0D**2-8«*2> 

ZH«PI*(  <  TOD-2.  *G0*2.«GU  **4- (T00-2.*T*>  «*4>/  (32.* (TOO-2,*GO*2.»G1 » 
1) 

AH»( ( <TOO-2,*GO*2.*Gl )*»2- (TOD-2. *G0)**2)*PI/4.) 

C  DEFLECTION  RATES 

OS A*- (SX) / (S£E*PI* (8*TA) *TA) 

USR-»(B*TA)/ (2.*PI*SEL*TA*SEE) 

DBA- (. 5/BE)* ( ( (SEL*2 ,*XT )/2.)*(4./ (PX*BS ( I ) **2> ) * ( (SEL*BS ( I ) 
l*2«*XT)/(2,*BTA(I) ) ) )/BN 
UFR»(.91*V)/ (L*H0*G©**2*FE> 

OF  A— 0F«*(H2*H3>**2-(1„  /  (2.*PI*FG*XT)  ) *ALOG (BCD/ (B*TA)  ) 

1- (XT) / ( (PI/A. ) * (BCD**2-B**2 ) *FE) 

RATIO.A/TOO 

IF(R«T10  .LE.  1.1)711.712 

711  KTF-0.179*( (TOo/FR)«*.b) *.914 
GO  TO  710 

712  IF (RATIO  ,LE.  1.2)713.714 

713  KTF-0.202* ( (TOD/FR) **.5) *,86 
GO  ID  7  18 

714  IF(HATIO  .LE.  1.5)715.716 

715  KTK-0.233* ( ( TOO/FR) «*,5) .,79 
GO  TO  71 H 

716  KTF-0.282«( ( YQD/FR) **,5) *.69 
710  CONTINUE 

C  LOAD  CALCULATIONS  CONDITION  1  AND  2 

Pl-0. 

P2»P 

TBMl-0. 

TBM2-TOM 

MP2* ( (L*HQ*G0*»2*FE ) / ( ,91*V) ) * ' Cl *B**2*0AMMA*P2/ (XT* (XT**2*C2*6E*G 

1 AMMA ) ) i 

F A  1 *0  , 

FA2-P2* (Pl/4» ) * (B**2) 

FPLl-0. 

FPL2-P2* (PI/4. ) * (S00**2-B**2) 

RSLl-«SLl*Pl*50U 


i\  -zo 


in  Sli*BL! 

MU1*"HSL1**XT/2.*8L1#N2*SL1*H3 

MC2*MJN1F  <  (L«(i1«**2M8*TW>  *FE*FCR)  •  <MOl«FE*FC»/»fYR)  > 

C  STRESS  CALCULATION  CONDITION  1 

310  SH*  <  idLl«H2*SU«*H3)/  (L«*61**2*  <B*®0>  )  1 

311  5HS*  1  <wSll*XT/24)/<L*Gl**2* (O*G0)9  ) 

SR.MOl*  <  1  *333»XT»LCE>»n>  /  <L«XT**2<*  O*G0)  ) 

ST*MU1«MY/ (XT **2#9) ) -Z*SR 

Sd«0  • 

SP«=0. 

SPA*0, 

SC£A*0 » 

SC£8=*0, 

FSS*<JL1/  <  ?OD*PI*XT) 

5SC*SLl/(  i  <B*2,*TA)*<»2"B**2)*Pl/4,> 

BTSsBL1/(BN#BTA<I) ) 

IF  (BTS-8TFS/FS2)  31A»314*41* 

414  IF ( ,Q01 -BNI ) 314 ,314* 313 

313  I  *=  I  ♦  X 

Go  TO  10/ 

314  IF (Sr-FYH/FS1 ) 315« 315* 302 

315  IF (StT-FVhVfSmiG, 316*302 

316  IF (F5S-FSU/F51 ) 317,317»302 

317  IF  (SSC-5CYR/FSI ) 330*330 *619 

619  PH IN?  b20 

620  FORMAT  <JX,1BH  SSC  EXCEEDS  LIMIT) 

330  XAl«-SH*Sb*SPR*SPA^SRS 

XA2»-SCEA*SH 

XA3«ST 

NA  1 *“Sm-5B*SPR*SPA*SRS 

NA2*-SCEA*5H 

NA3*ST 

EXA®  « 70  7 1 1  * ( (XA1-XA2) *»2* (XA2-XA3) *»2* (XA3-XA1J *«2> **.3 
ENA*  .  70  71 1  <M  (NA1-NA2)  *«»2*  (WA2-NA3)  (NA3-NAU  **2) **,5 
EA  AMAX1  i  A«i>(£XA)  ,ABS(ENA)  ) 

IF  (tA-F  Yrt/FSD352»3S2,302 
352  Xbi**SM*bfcJ-5PR>SPA-SRS 
Xb2«-SCEH*SH 
Xb3*ST 

Nbl**SH-S>B~SPR*SPA-SRS 

NH2*~SCpB*  SH 

NB3*ST 

EXB**  70  7 1 1  *M  (XB1-XB2)  *«*2*  (X82-XB3)  UB3-XB1  >  <**2i  **.5 
ENB3 • 707 1 1  * ( (NB1-NH2) •*2* (NB2-N03) **2* (NB3»NBl >  **2) 
EbsAMA a  1 (ABS(ExB) ,ABS(ENB) ) 

IF  (EB-FYH/FSl)362»362t302 
402  IF  (Huai  I  »LT.  0,001)802.302 
802  IF ( Si Q 1 w I  ,LT,  0,001)604,803 
H03  GiOltf®61/r* 

IF (61 OTW  ,GT.  G10TXI) 302,804 
804  61 »6i *0,005 
XT=XT-0 .0 10 
60  !U  108 
302  X  T  *XT ♦ »  0 15 

IF  (Ai -2,*TOU) 202, 1003, 1003 
1  00  3  PH  1  NT  1004 


R  -  2  1 


1004  FOhMaT  <  JX,31(iF!.ANGE  THICKNESS  EXCEEDS  2„*T005 
60  TO  999 
850  XTeXt * • 0 1 S 

KOtjN  I  bKOUNT  *  1 


c 


c 


IMKUUNT  .Lfc.  55860*202 
860  IF (61  .«T.  1 . ?5*Tw5 851 *202 
851  GI«6i-0.005 
60  TO  10B 

LOAD  AND  MOMENT  CALCULATION  FOR  CONDITION  2 
362  TL?aFA2f  Tfc*S*AT 

(4^1*-M^-f-  *L2-TBS»AT 


W22* <P2*PI«S*SX> «XT/2.-FPL2*H4-NR2*MC2-rL2*H5 
023“ *  (P2#B*  <B*TA)  )  ✓  U,»TA*SEE5-  (P2»B*<  (,A*8» /2.  > )  ✓  <4  «* 
I*FE> 

024*-Q2 l *OBA/ (OBA-DSAJ *BCR*UT*SX) / (DBA-DSAJ 
U25*L)F  A  /  (  (OBA-OSA)  *  (H2*H3>  ) 


331 

332 


02&*H2*Q2i*Q22 
g27«„0FR*XT/ (2,#0SR! 

028*1. *027*  < XT/2. 5 -025*  <H2*H3) 

029*“ (U23/U5R) • « XT/2. 5 *Q26*Q24* (H2*H3) 

*02*801-029/028 
Sl?«SLUu2a-«Q29/028)  *q25 
«SL2»NSLl**«t'29/Q28)  *Q27-G23/DSR 
BL2*BL 1-024- (029/028} *025-021 
IF  <5l2-ms,U  J3l, 332,33* 

BL1  *  1  • 0 1*UL 1 
60  TO  ill 

G21R«-FPL2-FA2-TBS«AT 

U22H»(P2*HI»8*5X)*XT/2,-FPL2*H4-MP2-TL2*N5 
023P** ( P2*B* ( B ♦ T A ) )/(4,*TA»SEE5-(P2*B*{ 1 A *85 /2, 5  > / (♦,« 
1*FE» 


024P«-u21R*DbA/ <DBA“OSA) 

«25P*0FA/( (UHA-DSa)*(M2*N3) 5 
U26P*H2*021P*022P 
U27R»-0Fh*XT/ <2c*0SR) 

028P*1 ,*027P* (xT/2,)«Q25P* <H2*H3> 

02VP«- (Q2JP/DSR} * (XT/2.) *026P*Q24P*(H2*H3i 
MOPRaMOl -U*9p/Q*8p 

Sl2p*Sl1-G?4P- (Q29P/Q2Bp) *025P 
RSL2P“«SL1- (029P/028P) *Q27P-023P/DSR 
BL2P«BL1-024P- (Q29P/Q28P)*U25P-Q21P 
02iM«-FPL2-FA2.TrtS*AT 

022**  (P?*P).*B*5Xi  *XT/2,-FPL2»H4-MP2-H5*  iFA2«TBS*AT ) 
U23Ma*  (P2»B«*  (B.TA)  5  / < 4 , * r A*5EE ) - < F2*B*  (  U*B5  /2.  )  )  /  (♦.* 
1*FE) 

)24Me-U?lM«DBA/ (U8X-0SA) 

U2S*“OF  A/ l ( OB A-DSA  > *  <H2*H3>  ) 

u26M«h2*vj2jm*o22m 

U27H«-uF  H*xT/ <2 .*OSR) 

0 2 8 H e  1  .*g/7M6  (XT/?.  ) -0258*.  (H2*H3> 

U29H»- ( 02  Jm/OSh ) *  < XT/2, J *02cH.Q2AM*(H2*M3) 

H028-1M  >1  -U29H/Q28M 


SL2M*SL  1-02*8  -  (Q29M/Q28M)  *0258 
KJ>L2M*HSL  1-  (Q29M/Q26M)  «Q2 7M-Q23M/DSR 
BLPMaBL  l  -Ci2*H-  (029N/Q2BM)  *U25M-Q21  M 
STMLbS  CALCULATIONS  CONDITION  ? 


«A-B»/2.) 


« (A-01/2,) 


(  (A-B5 /2.  ) 


n 


SH2PS;  <8L2P*H2*FPL2*H**TL2*H6*SL2P*H3}  /  (L*G1*«*2*  <8*G0)  i 
SH2M*  {8L2M*M2*FPL2«H**  <FA2-T0S*AT)  *M6*$L2M«Mf) /  (L*0l**2*  ) 

5FIS2Px  iHSL2P*XT/2,)  /(L»Gl**2* <9*80> ) 
SHS2«*(HSL2M#XT/2»)/<L«01**2#  <B*GO)  > 

!s,Pr2*mf2/ (L*Gi**2*  »8*60> ) 

SB2=TBM/Zrt 
SPA2«F  A2/AH 
SCEbtuO 

i»CeA2*^2 

SR2P*M02P*U„333»XT*LCE*1.)  /  <L»XT**2«M8  +  8© ) ) 
5R2M*M02M*U.333*XT«LCE*1.)  /(L*XT**2*  «B*GO> ) 

ST2P=MG2P* (Y/ (XT**2*9> ) -Z«SR2P 
S12M*M02M*  (Y/  (AT* *2*8)  )-Z*SR2H 
FSS2«BL2P/ (70D»Pl*XT) 

SSC2*SL2M/  (  (  <B*2.«TA) **2-B**2) *PX/*»> 

BT$2P*HL2P/ f  B T  A  < I ) »BN) 

IF  <BtS2P-BV/FS2)3**.3**»*1S 

*15  IF  ( » 00 1  -tiN I )  36* , 3*4 , 3  J  3 
3*4  IF (S"2P-FY/FS1 ) 3*5,3*5,302 
3*6  IF  (5T2P-FY/FSI ) 3*6,3*6,302 
3*6  IF (F 5S2-F SU/F 51 ! 3*7 » 347 » 302 
3*7  IF  ( SS»C2-bCy/F SI )  3*8 » 3*8 1 62 1 

621  PRINT  622 

622  FORMAT  <3X,19H  SSC2  EXCEEOS  LIMIT) 

3*8  XA1*-SH2P*SB2*SPH?,$PA2*SRS2P 

XA2*-SC:EA2^SR2P 

XA3*bT2P 

NA1»-SH2M-SB2*SPH2«SPA2*SRS2M 

NA2*-SCtA2*SR2M 

NA3CST2M 

EXA2=. TO  711* ( (XA1-XA2) «»2* ( XA2-XA3 ) **2* (XA3-XAI ) **2> **.5 
LNA2*.  7  0  7  1  1*  < (NAl-NA?) **?♦ < NA2-NA3 >  **2* INA3-NAI ) **2>  **.S 
XA 1 =XA 1 -SPA2 
NA 1 “NA 1 -5PA2 

IF  ( At?S  (XAl )  -ABS  (NAl )  )  f>02 , 602  •  60 1 

602  CMAX2A=NAi 
CMIN2ASXA1 
GO  TO  603 

601  CMAX?A*XA1 
CM  I N2  A*nA 1 

603  EAsAMAXl  ( ABS  t  EXA2 )  » A8S<ENA2) ) 

IF  (ZA-F  Y/F'Sl  )  13^2,1352  9  302 

1352  CALl?Ax (CMAX2A~CMIN2A>/2, 

CMn2  A= ( CM AX2 A  *CM I N2  A ) /2 • 

FALT2A=CaLT2A*F5F I 
SAl  T  2 A«F  AI.T2A 
SMN2m*CMN2A 

bCMX^A^AttS  (,.MN2A*SALT2A) 

IF(5CHjv2a  .GT.  FU)*02,905 
805  IF  < 5CHK2A-F Y ) 806 ,606,807 
807  IF  <  At>S  (  5ALT2A) -FY  i  808, 8009  009 
8 0  8  5MN2AsF  Y~5>aLT2a 
GO  10  806 
609  SMN2«=0, 

F.06  6MAX2AsbMN2A*l  ALT2A 
SM I N2A*5MN2A-5ALT  ?A 


; ;  /.  < 


RCl»5MlN2A/SMAX2A 
M*  0 

1 350  M  =  M*1 

If-  («L1-H  IM>  )  1351  ♦7000.1350 

1351  F  f  C?«*  <  (H  (M)  -HCl  >  / < R t M ) ~R { M- 1 ))J #  < FF  (Ml-FFTM-U  >  *FF  (M-l) 
feO  Tq  f 00 1 

7000  FFC^AsFF (M) 

7001  CONTINUE 

IF  <AbS<SMAx2A) -FFC2A) 1 363 ♦ 1 363  *  AO? 

1363  XB1*SM2P*SB2-SPR2*SPA2-SRS2P 
X«2***SCEB2*5R2P 
X«3*ST2P 

NB 1  =Sh2M-S82‘"5PP?  *SPA2«SRS2H 

NB2“-SCEB2*5N2M 

NB3-ST2M 

£XB2*«  70  7 1  1 M  (XB1-X02)  #*2*  <XB2-XB3>  ®*2*  UB3-XB1 )  •*%)  **,g, 
tN82»*  /0/U*l  <  Nb  l  -NB2 )  **2 ♦  (N82**NB3)  ®*2*  (NB3-NB1) **?>  **.5 
EB  =  AMAai (ABS(£xB2>  »ABS(ENB2) ) 

XB 1 *Xd 1 -SPA2 
NBi*N«l-SPA2 
IF (to-F  y/F  SI )  720,720,302 
720  IF  (ABS <XHl» -aBS(NBI) j  6o5,605,6qA 
60S  CMAX2B-NB1 
CWIN2H«X«) 

<»Q  Tu  1362 
60 A  CMAX2H*XB1 
CMIN2«*N«1 

1362  CALT2B* (CMAX2B-CMIN2B5/2, 

CMN2B3 (CMAX2B*CHIN2B) /2. 

FALT2B«CALT2B*FSF I 
SAlT2B*F ALT2b«KTF 
SMN2b»CMN28*KTF 
SCHK2B=«ABS(SMN2B*SALT2B1 
If  <SLM*,2H.(iT  .  FU)A02,B10 

810  lMSCHi\2o-FY)8ll  .811,812 

812  IF  <ABS (SALT2B! -FY) 81 3,813,81  A 

813  SMN2a*f Y-SALT2B 
60  TO  «ll 

81 A  SMN2o=m), 

811  SMAA?H3SMN2b*SAtT28 
SH1N2B*SHN2B- SALT2B 
HC2 *SM IN20/SMAx2" 

MsO 

1360  M«M*1 

IF (RC2-R (M) ) 1361 , 7002, 1 360 

1361  F  FC2b«  1  ( H  (  m  )  «■  R c 2  )  /  (Mi  ~R  iH-1 )  )  *  <FF  «H>  »FF  (M-l )  )  *FF  < M- 1 )  5 
60  To  7003 

7002  F»-C2l'  =  (-F  (M) 

7003  C ON T 1 NUt 

IF  (A8S (SMAX2B) -FFC28) 380, 380, A 02 
C  LOAU  CALCULATIONS  CONDITION  3 

380  F-J.PR 
TBM 3*0 . 

F  A 3*^3* (Rl/A „ ) * (8**2) 

FHLJ-HJ'MRI/A.s4'  <SOO»*2-B*#2) 

T  L3CF  A  j 


B  -  .'4 


MP3*  <  <L.«Mi»*00**2*F'£)  /  (  »91*V) )  *  < Cl  »B**2#GAHMA*P.3/  UT*  {XT*<*2*C2*<3E*a 
1*,MM«1 ) ) 

U31 

U32  =  -FRL3*h'.-MP3*  «P3»PI*B*Sx)  <*xT/2»-TL3«H5 

U33«*  <R3»b*  tU ♦  1 A >  )  /U.*TA*SEE)  -  «P3*B<*  (  U*B >  /2. )  1  /  U. *  <  U-91/2.)  • 

K  t) 

U34«-vJjl«*t>BV  (UBA-USA) 

036-UF  A/  <  (UHA-USA)  #  iH2*H3)  ) 

U36=h2*0J1*U32 

u3/  =  -u*-R*M/  (^e*OSR> 

U38=l  .  ♦Q3?*XT/2.-q35*  <H2*h,3) 

UJ9»- <w3 J/OSrj  * (XT/2,) *036*034* (H2*H3> 

M03=M01-U39/038 
SL3sSL l-g34- (U39/Q38) *035 
HSLJ*WSLl- <U39/03g) *q37-q33/0SR 
bL3=aL! -034- (039/Q38) *035-031 
IF  (5L3-MSO  331.390.390 
C  STRtSS  CALCULATION.  CONDITION  3 

390  5H3=(BL3*H2*SL3«H3*FPL3*H4*TL3*H6)/ (L*G1**2»<B*80) » 

SRS3= <R6L3*XT/2. )/ <L*G1**2* (8*60) > 

5PRS*Mm3/ (L*G1«*2* (8* GO)  ) 

Sb3=0. 

SHA J  =  F A3/AH 
bCEB3=0. 

5CLAi=P3 

SR 3* MO 3* (1,333*XT*LCE*I»)/ <L*XT**2*  «8*G0> ) 

ST3=M03* ( Y/ <XT**2*8) ) -Z*S«3 
FSS3=HU3/ ( TOD«PI*xT) 

SSC3  =  SL3/  <  (  <b*2.«TA)  **2-B**2)  *PI/4.  ) 
ttl53=tdL3/  (bTA  ( I )  *BN) 

IT  <HTS3-HY/f-S2)  2344,2344,416 
416  U (  ,001-rtNI )2344, 2344, 313 
2344  IT  (SR3-F Y/F SI >2315.2315,302 
2115  IT  (ST3-FY/F  SI ) 2316,2316,302 
2  316  IF (FSS3-CSU/F  Si ) 23  1 J  , 23 1 7 , 302 
231 f  IF  (SSC3-SCY/F  Si) 2330,2330.623 

623  HR  I N !  b?4 

624  FORMAT  (.IX,  19H  SSC3  EXCEEDS  LIMIT) 

?33q  XAl =-Sm3*SH^*SPR3*SPa3*SRS3 

XA?=-SttA J*SR3 
XA3=ST  i 

NAl =-Sm3-SH3*SPR3*SPA3*SRS3 
NA2a-SCt A3*SR3 
N  A  3  =*  S  T  3 

tXA3=.  f 0  / 1  1  *<  (XA1-XA2)*«2*(XA2-XA3)**2*UA3-XA1)**2)**»5 
tNA3=  ,  /o  n  1  *  t  <N  1  -NA? )  **2 ♦  (NA2-NA3)  **2*  ( NA3-NA1 **2)  **,5 
tA  =  AMAAl  (  A  H  S ( t  x  k  3 )  ,ABS(ENA3)  ) 

IF  (tA-F  Y/F  SI ) 236  3, 302,302 
2363  Xbl =SM3*bB3-SPR3*SPA3-SRS3 
XH2s-SCtbj*SW3 
XHjsST ( 

NH1 »SH  (>  Sb3-SHR2»SPA3-SRSl 

NB2*-SCF_n3*SR3 

Nb3*S  T  ( 

tXH3*.  ,'0  tl  1  *  (  ( AB1-X82)  «*2*  (  XH2-X83 )  **2*  U03-XB1  >  **2>  »*,5 
LNBi*.FOni*<  (NBl-Nb?)  *«2*  (N02-NB3)  «*2*  (NBl-Nbi  >  »*2>  **.5 


EB«AMA*1 (ABSLiXBS) »AaS(£N93) ) 

J>  (£i;«fY/P5  1)2373  »302«  302 
C  LOAU  CALCULATIONS  condition  a 
2373  P4«Pb 

P  A4*P4*  (PI/4«  )  *  (B*«2) 

FPL4*P**  tPI/4 , ) »( S00**2«B**2 > 

T  L4»P AA 
BL4*P  Pt4*P  A4 

C  STMtSS  CALCULATION  FOR  CONDITION  4 
BTS4*BL4/(bTA(I)#BN) 

XT  (BTS4-HU/PS2) *344,4344,417 
417  IP «,001-rtNI)4344, 4344*313 
C  LOAD  CALCULATION  CONDITION  5 

4344  Pb*K IM 

P A5=Pb* (Pl/4. ) * (B**2) 
f PL^sPb*  (PI/4. )  *  iSOO*»2-B**2) 

1L5®P  A5 

MP5®  (  <L*MO*GO**2»FE>  /  (  .91 »V)  )  «  (C*  *B**2«GAMMA«P5/  (XT*  UT*»2*C2*G£*0 
IAMMaJ ) ) 

051«-r^L5*TL5 

Wb2»-FPLb*H4-MP5* <P5*PI*R*SX> *XT/2.-TL5*H5 

Ub3»*  <k5«B*  <B*TA)  )  /  ( t**TA*SE:E)  -  |P5*B*  HA*B)  /2.  ) )  ✓  <4.»  «  IA-B1  /2.)* 
IPt) 

Ub4*-051*UHA/<DBA-0SA) 

U55*upa/ ( (UBA-OSA)* (H2*H3) \ 

Obb®H2*Qt>i  ♦OS^ 

Ub7»-UPN*XT/ <2,*DSR) 

UbB»l.*Ub7* (XT/2.) -055* (H?*H3> 

Ub9»-  HJ5J/DSR)  «  (XT/2.  )  *056*054*  (H2*W3) 

M05«M01-uS9/U5b 

SL5»5L 1 -054- (059/058) *055 
HSL5.H5L1- (059/058) *Q57-Q53/0SR 
t»L5*OLl-0b4-  (U59/Q58)  *Q55-U51 
If  ( 5L5-MSL) 331 ,5390*5390 

5390  SH5* (BL5*H2*SL5*H3*FPLb*H4*TL5*H6)/(L*G)**2*(B*G0l) 
SN5^»(BSLb*XT/2. )/ CL*G) **?*  <B»GQ> ) 

SPHS®MP5/ (L«G1**2* (8*60)  ) 

5Bb*0. 

SPAb*P  A5/AH 
5CEBS=0. 

5CE  Ab“P5 

SH5*M05* ( I .333*XT*LCE*1 .) / iL*XT »*2* (B*GO)  ) 

5Tb*H0b* ( Y/ (XT«*2*8) ) -Z*S«5 
P  SSb«BL5/  ( T 01>*PI *XT ) 

SbCB.SLb/ ( ( <B*2»*TA)**?-B**2) *PI/4, ) 

BTSb«BL5/ (BTA  < I ) *RNI 
IP (bl5b-HYN/PS2) 5344,5344,418 
MB  if  (.U0i-BNI)5344, 5344. 313 
5344  ip (5Rb-FYM/PSl) 53! 5,531 b, 302 

5315  IP )5Tb-P YH/P5J )S336, 5315, 302 

5316  U  (P  5S5-P5U/PS1 ) 5311,52 17,302 
531  1  IP  IbsC'i-bCYR/F  SI  !  533o  ,5  330  *  625 

625  PRINT  626 

626  FORMAT  (3X.19M  SSC5  EXCEEDS  LIMIT) 

5330  5M1»SH 

SRS 1 “S*b 


B 


SPW1«Q. 

bbl*u. 

bPAl*0» 

5CEB  1  sO  . 

SH1*SK 

t»Tl*aT 

bCiAioO. 

AAl*-Snb*Sab*SPR5*SPA5*SRS5 

XA2c“’SCEAb*5Rb 

XA3*5Tb 

NA1»-Sh1-SB1 ♦SPR1*$PA1*SRS1 
NA2s“SC£A1 ♦SRI 
NAjsST 1 

EX  Ab*  •  ?0m«(  (XA1-XA2)  *»2*  (XA2-XA3)  **2*  UA3-XAU  **2>  *••5 
ENAbr,  /om»(  (NA1-NA2J  **2*  (NA2-NA3J  **2*  (NA3»NA1 ) *«2 > ** .5 
IP  <Attb(xAl)-ABS<NAl) ) 5602  *  -802  * 560 i 

5602  CMAX5ASMA1 
CM INdA=xA 1 
GO  ro  bb03 

5601  CMAX5A=xA1 
CMINbA=NAl 

5603  EAsAmaX, (ABS(EXA5) «ABS(ENA5) ) 

IP (Ea-P YR/FS1 >S352*53S2*3o2 

5352  CALT5A= (CMAX5A-CMIN5A) /2. 

CMNbA= (CMAX5A*CMlN5A)/2, 

P  ALTbA»CALT5A 
SAL  T bA=P ALTbA 
SMNbA=CMN5A 

SChKbAxABb (SMN5A*SALT5A) 

IP  (SCHKbA  ,GT «  FUR)8S°»8lS 

815  IP ibCM<\57-r Y«)816.8i6t8l7 
817  IP {AbS(SALT5A)-FY)8l8e018*819 
H18  SMNSAcp  YH-SALT5A 

GO  TO  816 
HIV  SMNbAay. 

816  SMAXbAabMNbA*SALT5A 
SMIN5A«SMN5A-SALT5A 

rci=sminsa/smaxsa 

MkO 

5350  MsM»l 

IP  (HLl-H(M) ) 5351 .700**5350 

5351  PPC^«=  <  18 IM) -Hcl ) / («<M) -R (M-l ))) • (FF (Ml -FF (M-l )) *FF (M-l ) 
GO  <0  7005 

700A  PPOAkPP  (M) 

7005  CONTiNUfc 

IP  < AbS(SMAXbA) -PPC5A) 5363,5363,850 
5363  XbJ ■♦5Hb*SH5-SPR5«SPA5-SRS5 
XB2*-SCtrf5*SRb 
XB  i*STb 

NHl=*5Ml-5Hl-SPRl *SPA1-SRS1 
Nb2*-S0E.ril  .SRI 
NB3s5  T  1 

fcXHb*.  70  7  1  1 ^ ( ( X b i -XB2 ) (XB2-XB3) *#2* ( XB3-XB 1 ) **2>  «*.5 
70  7  1  1  *  <  (N81  -NB2)  *»2»  (N82-NB3)  **>2*  (N83-NB1 )  **2)  #».5 
LB  =  AMAaI  ( AHb ( t  x  Hb )  ,ABSt£NB5)  > 

IP  (tn-P YH/PS1 ) 721 ,721  *302 


721  17  (Attb<X«n-AdS(wai)  ) 5605.5605,5604 
560b  CMAAbHsNbl 
LMIN5B*XH1 
GO  TO  BJ62 
560*  CMAA5B«\»i 

5362  CAl T5B» «C«AX5B»CMIN58) /2, 

CMNSBs  <*-MAx5H*CMIN5Bi  /<?, 

7AU5H*LALTbB 

SALlbB*7  ALTbB*KT7 

SMNbB*LMNSH*KTF 

5t.HK5B  =  AdS  «SMN5B*SALT5Hi 

I7(SCH\5H  .GT.  FUR)B50»820 

820  17  CbCHi\5B-FYh)  821 ,821  ,B22 

822  17 (AoS(SALTbB>-FYR>»23»823,824 
B2-*  t>MNbtj  =  7  YH-SAIT5Q 
GO  TO  H21 
824  SMNbo  =  (), 

821  SMAX5B=5MN5B*SAl T58 
SMlNbH=bMNbB-SALT5d 
HC2*SMlN5rt/5MAXSB 
M«0 

5360  M=M*1 

17  (MC2~R{M) ) 5361 ,7006*5360 

5361  7  7  C^tJa  (  (H  (M)  ~HC2>  /  («  (M)  -R  (M-l )) )  *  (F  F  «M)  -FF  iH-li  1  *FF  (M®|) 

GO  To  100  7 

7006  77  CbO  =  7  F <M) 

7007  CON T 1 NUt 

17 ( AdS ( SMAxbb ) -F7C5B)5^03. 5403, 850 
c  loaj  cal.culat ions  condition  6  cold,. 

5403  P6*P 

7A6*Fb*(Pi/*»)*(B**2) 

7PL6»Pd«  (PI/4*.  )  »  (SOD*»2-B**2) 

1L6  =  7  Ab.„b*»7Hb*AT 

MP6  =  l  (L*RU»G0**2*FE)  /  1  09 1  *V )  )  *  (C1*G**2*GAMMA*P6/  (XT*  (K?**2*C2*GE*& 

1 AMMm ) ) ) 

ML6*M02 

ML  Tods:  <P1/J.  )*  (B**21  «  (BETA**?)*  (  (Ffc*TW*»3)  /  ( 12,®  ( 1  ,*FMU*»2>  )  )  *FTE* 
1  (UTL1  )  *  (1 .  *t>ET  A*XT> 

MHTGb= (PI/3. ) * (H**2) * (BET A* *2) *  t (F£*TW**3> / (12.*  « 1 .-FMlj*»2V 1 >  *FTE* 
1  ( O  T  H  l )  *  ( 1  .  ,BF.T  A»XT) 

MHTOfei-MHTGb 
T  M 1 N 1  a  T  M 1  7) 

T  M 1 N2  kIM1N»UTC1 
TM1N  TM1N«UTL2*(>TC1 

1  MAX i = I  MAX 
T  M  A  A  2  =  T MAX-UTHl 
!  MAX  j=  i  MAX.-OTH2-DTH1 
Ob  1 L * “ I L  6~7 PL  6 

06?C=(P6*TJI*B*SX)*XT/2.«FPLb*H4»MP6-MCfo*MCTG6»TL6*H5 

ub3L= (K6*a“ (B*Taj )/(*„«?  A*  SEE ) » (P6*B* ( ( A*0) /?, 1 1 / ( * 0*  < ( A-8) /2 . ) *FE 
1 )  -F  Tt*  (Tm1n2-70.0)  *  (B*T  A>/2.*STt;*  »Thin1  -70.01*  ( 8  •  T  A  >  /  2  » 

U64Cs  (  <--J61C*0BM  /  (U0A-OSA  )  )  *  (BC«* (XT*$X>  *BT£*  (TM1N3-70 , 0>  *  (SX»  TV 
l-5Tt»S*« ( TMlN 1-70.0) -FTE*X T» (TMIN2-70.0 ) i / (DBA-DSA) 

UbbC*U7  A  /  (  (H2«H3  )  **  {08A-DSA  )  i 
Ub6C=H2*u6 1C*U62C 


U67Cs-uEH*XT,'  <2.*DSH> 

U68C  =  1  .  *g6  /C<MXT/2.  )  -065 C*  <N2*H2> 

U69C*-  (QbiC/USR)  *  (XT/2. )  ♦066C*064C»  (H2*H3I 
M06=M0  1-Ub9t/(J6HC 
SL6=SL 1-U64C- J06VC/068C) «065C 
HSLbsHiiLl-  (Q6VC/06BCJ  *O67C-063C/0SH 
»U6  =  oLl-u64t- (Q6VC/Q6BO  «Ob5C-Q61C 
II-  (SL6-MSL) 331 » 6390*6390 
6190  06iCNs=-TL6-f  PLfe 

U62Cu= <P6»PI*ti*SX> *XT/2.-FPL6«H4-MP6*MCT66-TL6*H5 

06  3Cn=  (P6*«*  <H*T  A)  )  /  U.^TA^StE)  -<Pb»fc*  UA*8>/2.)  >/U,*<  U«0>  /2.  >»F 
lt)-F I  EM TMIN?-70.0)MB*YA) /P  ,  *STE* < TMI Nl-70 . 0 ) * <B*TA) /2. 

U6^CN=  1  «-U61CN*DBA  J  /  (06A-0SA)  )  *  ( BTE*  ( TNIN3-70 . 0 )  *  (SX*XT )  «STE*SX*  { T 
lMlNl-7u.0)-FTt*XT*(TMlN2-70.0)> /(DBA-DSA) 

U65CN=UEA/ ( (H2+H3) * (D8A-0SA) ) 

066CNrH2<»U61CN*Q62CN 

U67CNs-0f-H*XT/  f2.*DSRi 

068CNS:  1  „*067CN*  <  XT/?.  >  -Q65CN*  ( H2 ♦  K3 > 

W69CN=- <ObJCN/08M) *UT/2.) ♦066CN«Q64CN* (H2*H3) 
M060N=M01-0b9CN/U68CN 
SLfcCN=SL 1-U6ACN- ( U69CN/U6BCN ) *Q65CN 
KbL6CN  =  Wi>l  1-  (069CN/068CN)4U67CN-Q63CN/0SR 
oL6CNbul1-<J64CN-  tU69CN/Q68CN)  »Qb5CN-Q61CN 
C  5 T HESS  CALCULATION  CONDITION  6  COLO 

SHfeCN- (dL6CK.*H2«SL  6CN*H3*FPL6*H4*TL6*H6) / »L*GI*»2MB*G0) ) 

SHS6CN= (HSL6(  N»XT/2.) / <L*61**2* (8*00) ) 

SPHbCN-MPb/ <L»G1*»2* (R»G0>  ) 

SCGbCN  =  MCT(>6/  (L*G1**2* (B*G0)  ) 

SB60«.5M8M/2H 

SPAbCNat-  Ab/AH 

SCEHbC=0. 

SCEAbCsPb 

SW6CN*'*06CN*(  1  »333*XT*lCE*  I  »  )  / < L*XT*2»* (B*60>  ) 

5  i  oCwsMObCN’*  (  V/  (  XT  •«?*8  )  )  -Z*SRfCN 
E  SSb(-N  =  3LOCN/  S  TOl>*Pl*XT) 

S5C6CN  =  »LbCN/  <  t  (H  +  2»*TA)  ‘«»2-8*«2>  *PI /4  .  > 
rtTSbCNsriLbCN/ ( 8  T  A { I)*HN) 

II  (bTSbCN“HYC/ES3) 6344*6344*419 
4  1  9  i  E  (  «  00  1  -ttN  I  )  6344  ■>  63*4  *  3  1  3 
6i44  ]E  (iHbCN-E yC/ES] ) 63  I  5 » 6 3 1 5 t 302 

6315  IE  (  STbk.N-E  Y(  /E  S 1 ) 63 1 6  * 63 1 6 » 302 

6316  U-  if SS6CN-E SU/FS) ) 6317*631 7*302 
63k?  IE  iSSCbCN-SCvC/FSi >6330. 6130*627 

62  7  PH  INI  62b 

t-uM  E  OH  ha  |  (JX.21H  bSCftC.N  EXCEEDS  LIMIT) 

6.1  5  )  XAl  *  -  Sb^CN*Sb6CN  +  SPH6CNf  SPA6CN*SRS6CN-SC06CN 
x6  2*"S1-EA6C*SR6CN 
X  A  3 “ b  T n CN 

tXAbk-N»  .  70  7  1  •  U  *A  1-XA2  )  **2*  (XA2-XA3)  **2*  (  X.A3-XAI )  **2  J  **.$ 
t  A  *  t  X  A  6  C  l « 

I  f  It  >-  -X  yC/E'Si  )  6363.6363*302 
6.163  XH  i  **6rtocN*Sf*bCN-SHR6CN*SPA6CN-SRS6CN*SCG6CN 

A  0  ?  =  “  S  i '  t  h  6  0  *  S  H  6  C  N 
X83-6  F  ■>(.. N 

t.XHb'-N:- .  70  711*1  (  XBl  -XB2  )  **2*  (XB2-XH3)  «*2*  (X63-XB1 )  **2) 

E  M  =  t  A  M  ft  c  '1 


If  UB-E  YL/ES1 ) 63?i ,637) ,3n2 
C  l-OAU  CALCULATIONS  CONDITION  6  HOT 

637]  UtolMe-lLb-t-  Ml.6 

Ub?H  =  *b«SX)  *XT/2.-FPLb»H4-MP6-MC6*MHT66-TL6*H5 

<■>638  =  (Mb*b«  (B*TA> ) / <4.*TA*SEE )  -  <Pb*B*  l(A«B)/2,l)/U,»(  (A-Bl  /2.  >  »FE 
1  >  -F  ft*  <TMAx?-  ?0.0)  *  (B<UA)/2,*STE«*(  TMAX 1-70.0)  *  <B*TA)  /2. 

U64H=  (  (-U61H*»OBA)  /(DBA-DSA)  )  *  (BCR*  (XT*SX)  *BTE«  i 7MAX3-7 0 . 0 )  *  ( §X*XT ) 
l-STt«SA*(TMAXl-70.0)«FTE®XT»<TMAX2-70,0> )/ (DBA-OSA) 

NftbMcOt-  A/  (  <H2*H3)  *  (UBA-OSA)  ) 

U66HefV*OblH*Ci62H 
06 TMs-uLH^Xl / (2,*0SR) 

.  *u«>  7H*>  (XT/?. )  ~Q65H»  <H2*H3) 

V  :b  is- (U63M/USH) * (XT/2. ) *066H*Q64H* (H2*H3) 

M06ri*M<)  1  -U69H/Q68H 

SM*Si  1 -U64H- <0fe9H/Q68H)  «U6SH 
H  6H  =  *SLl-  ((j69H/(jbSH)  *Q67H-363H/DSR 
siL6H  =  6l1-U6AH-  (U&9H/Q68H)  *Ob5H-Q6lH 
c (SL6M-HSL) 331 ,6390,6390 
b  90  c  MN  =  - I L6-F FL6 

Ob,  <Nts  (Pb^Fl^HoSX)  *XT/2.-FPL6*H4-HP6*MHTG6-TL6*H5 

J63mn=  <E«b*b* (B*TA) ) /<4,*TA*SEE) -(P6*B*< <A»B) /2» ))/(*•• < «A-B)/2,)*F 
It) -E  Tt*(  (MAX2-70.0)  *  ( B  *  T  A  )  /2.*STE*  (TMAXl-70.0)*  ( B  *  T  A )  /  2  « 

U64HN* ( (-U61HN*DBA) / (DBA-OSA)  ) ♦ < 8TE* ( TMAX 3-70 . 0 ) *  < SX *X T ) -STE*SX* ( T 
1  MAX  1-70.0) -E  Tt*XT«  < TMAX2-?0.Q) )/ (DBA-DSA) 

U65HN-U  A/ ( (H2.M3) « (DBA-DSA) ) 

U66MNsb2*U6lHN*U62HN 
Ufo7bN=-Df H*XT/ ( 2 • *0SR ) 

Ub8r(N*l  ,  *U67HN»  txT/2. )  -QbSCN*  (H2*M3) 

U69Hiy  =  -  (U63HN/DSH)  *  (XT/2.  )  ♦U66HN*G64HN»  (H2*N3) 
M06HnsM01-069HN/068Hn 
SL6HN*i>Ll-N64HN-  ( Q69HN/Q6RMN )  *Q65HN 
HSL6mn=wSL1- <U69hn/Q68HN) *U67HN-Q63HN/DSR 
BL6Hr4  =  !iLl-064KN-  (Q69HN/Q66HN)  •Q65HN-Q61MN 
C  STutSS  CALUlATION  CONDITION  6  HOT 

SH6UN=  (HL6HNOH2.SL6HN»H3*FPL6*H6*TL>6*H6>  /  (L*Gl*»2*  <B*G0>  ) 

SKS6nn= (HSL6HN*x J /2, ) / <L*G  1 **^* (U  *G0 )  > 

SHG6CN=MHTbh/ ( L*G 1 **2* ( H >00 > ) 

SPHbHNsMHb/ <L*G1 **2*  <B*G0i  ) 

S«6BN=.S*THM//M 
SHAbriN  =  E  Ato/AH 
SCF  86H  =  0  • 

SCEAbM=H0 

SH6HN  =  M06MNt  (  1 . 33  3*XT*LC(i.  1  .  >  /  ( L*X T*2  .  *  (  B *60  >  > 

STbMN=MObMN* (Y/(XT**2*b) ) -2*SN6HN 
E  SSbriN  =  iiL6HN/  !  r()U«Ml*XT  ) 

SSC6biN  =  bL6HN/  ((  («♦?•*  TA)  *«2-B**2)  *PI/4.  ) 
bT SbBN  =  tlL6HN/ (« I  A ( I ) «BN) 

IE  (bfSbtlN-bY/E  S3)  834  4,634  4,420 
420  1M  .00  1  -bNl  )  8344,8144 ,31  3 
8344  If  (SH6MN-h  r/FSl  > 83 i S , 8 3 ] S , 302 
83)  S  If  ( STb^N-f  Y/E Si ) 8316,8316.3  02 
831  6  If  (E  SS'-rtN-E  SU/FS1  18317,831  T,302 
831/  If  (  SSCbMN-SC  Y/E  Sj  )  8  J  j() ,  6  J  (0 , 629 
629  HHINf  bio 

biO  f  OH 3 a  T  (JA, 2]H  SSC6HN  EXCEEDS  LIMIT) 

83  30  AMU-S^AHN*SBhMN*SPWbHN*Sf)A6rtN*SRS6HN-SHr,bCN 


I’,  -in 


XA2=_SCLA6H*SW8HN 
XA J=SThHN 

tXAoHN=.  /Om*(  <  A  A1-XA2)  *  2*  <  X  A2~X  A3 )  *«2*  < X  A3»XA| 1  **25  •*  .  5 
tA=LxAnHN 

if-  ( tA-F  Y»  Si  >8363*302. 302 

8363  XBl  =  *SM6HN*Sb6HN-SPHGfJ.^SPA6HN~SRS6HN*SHG6CN 

AB2  =  “,SLLd6H«-SR6HN 
XbJ=STbHN 

tXB6nN=. 1 AR1-XB2)  ( X82-XB3 ) «*2* CXB3-X81 > **2)  »*«5 

LB=EXd6HN 

If-  (t«-F Y/F  SI  1  8371 .302*302 
C  LOAD  CALCULATION  CONDITION  7 

83 n  yi-o, 

FA7=0, 

frlt-o 

IU7*.s!--'lBb«AT 

U71s (OFR/USR) * < XT/2, ) » (XT/2, ) 

U72= tUF  A) / (UBA-USA) 

U7  j»  IL  7*UHA«»  (N2  +  H3)  /  (DBA-DSA  >  -TL7  »M2-TL7»H5 
MQ7»MO»-U/3/( 1 ,-U7l-a72> 

HbL7=H6Ll-(M0I-M07)*0FR*«XT)/2**DSR 

bL  T=>bL  i -TL7*DHA/  (08A-0SA)  -  (M01-M07)  #DF  A/  <  <K2*N3)  *  (OBA-DsA>  ) 

bL7=BLl-SLl *SL7*TL7 

IF ( 0.00 i -BN I ) B/l* 870 .8  70 

870  dTSCH*=MAAlF (BTS2P.BTS3.BTS6HN) 

If-tBJSCHK  „LT.  0.83*BY/FS?>  873*871 

873  IMBTS*  .LT.  Q.B3«*HU/FS2)  872*871 
872  HN] * <BN*UTSCHK*FS2) / <0.83*bY) 

BN2* (HI*bCD) ✓ <2.*(BS< I) *XT ) ) *2* 

HN=MAXlF (WNi *  BN2 ) 
nb=bn/v. 

N=2*NH 
«N  =  N 
HNI=UN 
11  =  1 

BCl)  1 =HLU 
GO  lu  H4 

871  CON 1 1 NUt 

T  I  =Rl/4.*  100**2 

Bi=Pl/<*  .*  I  Tv)U*2.»FUBl  !  **2  _ 

wOT  =  2.*(Pl/‘».*  ( A*‘«2~T0i>**2-0N*BH  ( I )  **2)  *xT)  *FRHQ*2,*BN*PI/A,«  (BS  ( I 
1  >  «m>2  )  *  <  SX  *XT  *?. .  *BS  ( I )  )  *HRHO*2  » #BN*N8T  1 1 )  *2  a  #H*FRH0*  <1*/3*#<B1*TI*< 
lu 1*T1)«*.8)-T1)-2,*HI/a.*< S0G»*2-T00**2>  *  ,025*FRHQ*-PX/A,«MSOD#*2- * 
IH*?.«*TA)*«2)  <>SLEG«TAn  (PI/R.  )  «*FRM0 
IHQ~ (HL 1 *BS ( I ) ) / (BN«b. ) 

IF  (Pi*hCU/8N~2.*(BS(I>  »XT) )333»333»1000 
1  000  HR  I N I  i 0  0  I 

1001  fOMMAf  ( 3 0 H  MAXIMUM  SPACING  NOT  SATISFIED) 

333  LON  I  INI  it 
PH  I N I  Id  I 
Id l  f ORNAT < 1M  ! 

PRINT  728 

728  F OWM A  1  l  28X  » 1 4  H  OtSIGN  OUTPUT///) 

PRINT  2800 

p 800  FORMAT  ( 1  A • 2b8btNU l NG  MOMENT  ANO  STRESS) 

PRINT  2801 


H  -  H 


2801  P  ORMA  T  (6A»3HTBM,7Xt3HTB5> 

PHINy  S»020*  TBM,  fBS 

phini  <^aoJ 

prtOi  FORMAT  (7A.3HTHO) 

PRINT  *020»THQ 
RR  IN  l  JOU* 

3001  PORMaT  <2SM  LOADS  FOR  ALL  CONDITIONS) 

PHINT  3002 

3002  FORMAT  (bA*3HM01 «7X*  3HHL 1 *7X«3HSL1 » 6X  *  4HRSL 1 ) 

PRINT  V020.MOI ,0L1 »SL1 *RSL1 

PHINI  3003 

3003  FORMAT  <6A,3HMO?,7X»3H8L2,7X.3HSL2*6X*AHRSL2t7X»3HMC2.7)C,3HMP2) 
PH  I  NT  s»02  0.M02,BL2»SL2tRSL2iMC2,HP2 

PHINI  300* 

300*  PORMAT  (Sx**HMO?P,ftX, AHBL?P96x» AHSL2P*5X,5HRSL2P) 

PHINT  <v020,M02P,BL2P,SL2PfHSL2P 
PHINT  300b 

300b  FORMAT  (bX,4HM02M,6X,4MBL2Ht,6X»4HSL2M,6X,5HRSL2M) 

PRINT  ^020,M02MeBL2M,SL2M,RSL2M 
PHINI  <006 

3006  FORMAT  (6X,3HM03.7X»3HBL3,  7 X  ♦  3HSL3  » 6X » 4HRSL3  *  7.X  ♦  3HMP3 ) 

PHINT  sj02O*MO3,BL3.SL3.RSLJ«MP3 

PHINI  300  7 

3007  FORMAT  I6X.3MBL4) 

PHINT  9020*BL4 
PHINI  3008 

3008  PO«MAT  (6X,3HM05,7X»3HHLS, 7x»3HSL5»6x«4HRSL5t7x»3HMP5) 

PHINT  v020,MOb,BL5»SL5f«SLb,MP5 

PHINI  3009 

30  09  FORMAT  (6X,3rlM06»  7X«3HBL6, 7x«3HSL6»feX»*HRSL6»7x*3HMC6*7Xt3HMP6> 
PHINT  V020,M06.BL6»Sl6.RSL6*MC6»MP6 
PHINI  <010 

3010  FORMAT  1SA,SHMCTG6.5x*SHMHTG6) 

PHINT  9020 »MCTG6*MHTo6 

PHINI  3011 

3011  FORMAT  (bX,bHM06CN,bx,5MBL6CN,5X.5HSL6CN,4X*6HRSL6CN) 

PHINT  V02Q.M06CN.BL6CN»SL6CN»HSL6CN 

PHINI  3012 

3012  PORMAf  (bX*4HM06H,6X,4HBL6H,6X,4HSL6N*5X,5PlR$L6H) 

PHINT  V02OtMO6H,BL6t<«SL6H,H3L6H 

PHINI  3  0 1 3 

3013  FORMAT  (bXtbPiMOfoMN*Sx* 5HBL6HN » 5X * 5HSL6MN » 4X  » 6MRSL6HN ) 

PHINT  9020 .M06HN»8L6HN, SL6HN*RSL6HN 

PHINI  301* 

3014  FORMAT  (6X.3HM07* 7 X t 3HBL 7 . 7 X . 3HSL7 • 6X * 4HRSL7 > 

PHINI  3020^807, BL7*3L7»RSL7 

Phini  9  l  04 

9104  PURMaT  l  I  A » 2 7pb T Mt SS  CONCENTRATION  FACTOR) 

PRINT  910b 

910b  PURMa I (6A» 3HKIF ) 

PHINT  9021  *KTF 
PH  I  ix  I  30  1b 

3d  1 b  FORMAT  (2HH  STRESSES  FOR  ALL  CONDITIONS) 

PHINT  301t> 

1016  PORMAT  (6A , JHEXA» 7A « 3HLNA , 7  A . 3H6 *B » 7Xt3HENB) 

PHINT  V 0  2  U ♦ L  X  A  *  E N  A  »  E x  B ♦ E NB 


print  3017 

301/  FORMAT  <bX.4MEXA2,,&X»4MENA2.6Xe4HEXB?»feX»4MENa2) 

PHI  NT  V020  b£XA?  *fcNA2  *EXR2  »ENK? 

PR]  NT  3  0 i rt 

30 1M  FORMAT UX*6H5MAX2A.4X,6HSMIN2At5X»&HFFC2A.4X,6MSMAX2Bi*X#6HSM!N20* 

15>X»5hM-C<?B) 

PHIN5  4  020,‘>HAX2A,SMIN?A,FEC2A,SMAX2B*SMIN2».FFC2B 

print  .'22 

722  MJHMA  T  <5X,4HSH2P»SXtl5HSRS2P*6X,4HSM2M,5X,5HSRS2M»6X|lAHSPR2.7X»3HSB 

1  2  i  (S  A «  4hSPa?  ) 

PRINT  3  02  0  fSH2P,SRS2PySH2M,SRS2M,SPH2»SB2tSPA2 
PRINT  723 

723  FORMAT ISX,4hSR2P,6X,4HSR2M,6X,4HST2H»6Xt*HS72M> 

PRINT  R020  ♦SR2P,SR2R.ST2P.S»T2M 

PRIM  3  01.  't 

30  1  R  FORMAT  IbX»4HtXAJ1,6X*AHENA3#6X»4HEXB3»6X*AHEN®3) 

PRINT  R020,EXA3,EMA3»EX83efcN83 
PHINI  3020 

3020  FORMAT  «  bA  »  4HEXA5  »  6X  ,  4FIENAS  .  6X  1 4HE  AB*j  *  6X  »  4HEN85 ) 

PRINT  'y020»EXA5.EI\)45«EXH5,ENB£> 

PRIM  3021 

3021  FORMAT  <4X,6MSMAX5A.4x»6HSMiN5A,5Xt5HF'FC5A»4X*6HSMAX58»4X»ftH'SMlN5B» 
1  bx  ♦  bnF>  Cbt> ) 

PRINT  R020oMAx5A,sMlNSA*FFC5A,SMAx5B»SMlN5B»FFC5b 
PRINT  >2 4 

7  24  FORMAT (6X»jMSH5*bX»4HSRS5*/X» 3HSB5*6X « 4HSPA5* 7X  » 3HSR5* 7X» 3RST  & * 
I6X,4HbPRb) 

PRINT  R020»bHb,SRS5»SBb»SPAS»SR5.ST5,SpR5 

PRINT  72b 

72b  FORMAT (bX,3HShl,6X,4HSHSI , 7X . 3HSB 1 . 6X , 4HSPA 1 ♦ 7X » 3HSR 1 » 7X , 3HST I • 
lt>X,HHSPRl  ) 

PRINT  V020 »  bH 1 , SWS 1 « SB 2 *SPA1«SR1»ST1 »SPRl 
PRINT  3022 

3022  FORMAT  (bA,6HEXA6CN.bX,6Ht'XB6CN«5Xf6HEXA6HN.5X.6HEXB6KN> 

PRINT  V020.EXA6CN,EXB6CN,EXA6HN»EXB6HN 

PRINT  302M 

3020  f  ORMa  r  <7>A» 3HHTS,bX*bHbTS?P.6X«4HBTS3*6X»4HBTS4»6X,4HBTS5t4Xf 
1  bHH  T  SbCN.4X  .«ShhTS6hN} 

PRINT  V02J*  HfbfbTS2P,BTS3(,bTS4,HTSb*BTS6CN»BTS6HN 
PRINT  3023 

30 23  FORMAT  HIM  DIMENSIONS) 

PRINT  2^02 

?80  2  FORMAT  ( VX  » 1HH»6X*  4MHjB 1 *8X»2H51 ,eX»2HF«) 

PRINT  V02UM*  HUBI.G1.FR 
PRINT  T02N 

3024  FORMAT  « 6x ♦ 2HT w » 7x * 3MTOD ) 

PRINT  No2 1  *  f  W  *  TOD 

PRINT  302 b 

302b  FORMAT  (bx, 1HA,9x, 1 HB » 8 x , ?RX T , 7 X ♦ 3N0CD > 

PRINT  R021 tM.HtXT ,BCU 
PRINT  302& 

3  0?F>  FORMAT  ( 6  X  « 3HSOO  *  7Xt3HSlO,7X»3MSEL.eX,2HTA,!>Xs,5HSLF.<3T) 

PRINT  i»02i  .  bOU*SIO*bEL»TA«SLE6T 
PR  I N I  J02  7 

3  02  7  F UR  3 A  T  ( bx. * bHBS ( I )  »  Sx  *  bHBM ( I )  , 4X  v 6HBTA { I )  ,AX*6HBwC i I )  »6X»2HBN) 

PRINT  vo 2  I t  rib ( I )  .BM ( I ) ,BTA ( 1 ) ,BWC  < ’ )  .BN 
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PHI  NT 

3  OP 

302H 

I-  UHMA  f 

(6 

PHI  NT 

908 

PH  IN  1 

9l  0 

9103 

pohma  r 

(  1M 

GO  T  0 

999 

998 

CALL  t 

ait 

r.ND 

.  3HWGT  ) 
f  w  (i  r 

) 
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P  ft  o  17 1 J  A 1 1  I  Hi-- OP  <  INPUT, OUTPUT »TAPE60«INPUT) 

tYPF  hM|  |  T  ,MSL  ,K,‘.  CF.»LCn,|  ,MP2tMC2«MOl  »MAl  »NA2*MA3 

T  YPF.  KF_  A  I  F  «  1  t  nb,?  »NH  3  ,M0?»MO?P  »  MP3*  MO  3  *MPS,MQ5»M06C  »WC6* 

1  mC  I  (if,  »  MU  f  r.f,  ,  yOSCN  »  MOSHtMOlSHN  «M0  7  »MH*MP6 
T  YPF  Hr  A|  k  W 

f  Y  HE  ai  mPI  ,MR?,MH?PtMH2M,K'H3*MPb»MR6r  ♦MPftCN*MH6H»MM6HN»HR7 
type  Hf  AI  fvPT 
TYPt  ME AL  K TF 
TYPF  Kh'Ai.  MSI.  T 

n  1  MENS  I  O'M  R  (  m  ,FF  ( 1 1  >  »BH(  IS)  , 8WC  ( 1 5  > ♦ RS ( 1 5 )  »BTA  (15)  »NWT  (15) 

n  I  ME.MS  I  IIP  0  AF  (IS) 

MMIMs  o 

c  Tl'PE  UOAli-  INPUT  - 

4RH  uE  AlJ  1 02n • TR^I 

IF  <F!OF  ,  P.n  )  OR^,qq7 
c  TOHF  OfcOUt Try 

99  7  «E  AU  1021  *  TOD  *  TW 1 
1  1?0  FORMAT  (  Y F  ]  0,0) 

1 0? 1  FOWMAl  (MF10.4) 
s  op?  fOHka)  (mF i 0.9) 

1  0?3  FORMAT  (PUP? 

C  TtiHF  MAffWlAl  PHOPFRTIES 

BEAD  in?r.,TII,TV«TF*TR«TFBO 
C  Fl.ANfit  GFOmFTHy 

PF  AD  1  02]  «  A  I  f  -ID'RI  I  . 

RE  AD  1  C/?l  tfilDTw! 

RF  AD  1 0?1  ,F«T ,FSF 1 
C  F L ADGt  HaTF.PIA).  properties 
pFAD  I'UO, FDD 

READ  J .  P?0  ,FD,F>  ,FSU,FCY*F'F«FG*FrrvFYP 

nfcAD  \  o?n  ,r  r v/. ,fc yn  .  -  ... 

PF  AD  1  0??  ,  F  PHD  »  F  m(J  *FT6  »F"CP 
Pr  AD  1 021  ,  (M (MN)  *NNsl ,8) 

PFAD  10?).  (M  (Nhl)  tNNs9,U  ) 

Pt  AO  l  0?n  ,  (FF,'MO),NN*l*f|l 
PFAD  1 0 ? i  v  ( FF ( NN)  » NN*9  « 11) 

C  SF  AI  btOMtTPY 

~PF  AI)  1021  ,FODT  ,STDt  »SFU  »T  I  ,TA0Tw,SLEGT7 
C  SF  tt l  OAI)b- InP|JT 

pF.  AD  10  20  ,  PSi-  T  ,  SSL  I  v^SLl 
C  SF  AL  M  A  f  F  M I  A I .  ppOppHTIrS 

PF  AO  1 o?o,SrY*SEF ,5CYC»SCYP,SYH 
PF  AD  1  o??  ,<;tF 
C  POL  T  (>F.Om>.  JPY 

PFAi)  ]<  21  ,  (RA(MN)  ♦MN3l»8) 

Pf  AO  1 021  ,  (HP (MN)  iNMsg* 15) 

PFAD  1 02  I  .  (B*C (NN) fMN=l .8) 

PF  AO  1021  ,  (MwC (NN)  ,MNsH, 1 S) 

PF.AO  1  o?)  ,  (MS  (MN)  ,NN=)  *B) 

PFAD  1021 ♦ (HS (MN) »NN*9*15) 

PF  AO  1  '»?  1  ,  (  M  r  A  (  HN)  »NN*  1  #  8) 

PF  AD  1  o  2  1  ,  ( H  T  4 ( NN )  , NN*  S  *  IS) 
pF  AO  ) o? 1  ,  ( M  *T ( NM )  »  NN* 1 » 8 ) 

PF  AO  1 H?1 • (N«T (NN)  ,NN=V, IS) 

PF  AO  1  o?  )  ,  (OAF  t  NN)  f  NN*  l  ,8) 
uF  Ai)  1  (/ 2  1  ,  ( |1  AF  (  NN  )  ,  NN  =  D  ,  1  S  ) 
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C  "'M  r  I  iv *•' 1 1 1 

i -If-  A')  1  '?  U  !  : .  T  A X 

Iif«  1 1  1  '  v  "  .  |iig  [ 

c  i < f  1|  T  MAH-WlA!  ppfipf.  M  r  I  FS 

Wt  AO  1  IRO  ,  "  Y  ,  OF  ,Hlj  ,HYC  iHY  o 

READ  l  (>??,  U  TK  ,mCp*hwho 
C  MING  GtOMt  Iky  a Mfi  pRQREPT  IRS 
ut-AO  liT'l.Arni 

o  r  A  i  >  livr,mi,Pv,PbU*WCt»MF»Pr,*RYC»WVP 
RfcAO  i  opn  ,  ur  YC  .»r  YR 
pFAU  1  M?R,UTF-  .RC«*PWHO 
C  SYSTEM  PRESSURE  AMD  TtMPFRATURF 

RF  AO  li)^'.,P,RP,PH»PI^»TMAX»TMIN 
p p ad  n  r,nr?c*m  3c.oti  h,otrh«i>t3h 

rife  AO  1 II?  I  ,F  si  ,FSR<F$3 

hUINT  /  R  M 

)RM  FORMAT  ( PAX  ,  l  OHTMPUT  to  THF  OFSIGN///) 

PRINT  R  0  ?  o 

RORO  FORMaI  (Imp  T'lMF  UOAO-lNROn 
PRINT  A  A  a  1 

ROR1  FORMA  I  (  3  x  t  AM  TUMI  ) 

PRINT  MR?] , TMM1 
PRINT  R00 A 

R000  FORma  I  (l4h  T'.iw  F  GEOMETRY) 

PRINT  R  0  0  l 

R  0  0  1  FORMAT  (  RH  ,  IMTOn,  7X  ,  3HTW  1  ) 

PRINT  NTj  ?  1  »  To0  ,  Tw  1 
PRINT  Rf'AR 

ROOR  FORMAT  (RSh  1  i  iwp  VATFRIAL  PROPERTIES) 

PRINT  R  0  o  3 

RO0  3  FORMAT  (  M,?mTO«AA«?hTY,hX*?HTF*HX»Rh|R,hX,4HTFR0) 

PRINT  *0R0  ,  TO  ,  T  v  ♦  TE  »  TW»  TFRO 

P  R  (  N  i  R  0  0  4 

R004  EOw-IaT  (|f,H  rLAMOt  GFONE.VRY) 

PRINT  ROT'S 

ROHM  FORMA  T  *  7  x , RwA I  ,s X  * 5HHOH  I  I ) 

PRINT  NO?] , Al ,WURI T 
PRINT  R0O 

MOO  FOWMAI  <3*»4NMoTwI> 
print  NO  ? I  , ri 0 TW  T 
PR  f  n  r  -m  n 

R037  FORMA  I  (mx ,  jhFRT ,fiX  ,4hFSFI ) 

PRINT  R0R1  , F R I ,FMF  I 
PRINT  RO  i'f> 

Room  format  (ETm  FLANGE  MATERIAL  PROPERTIES) 

PRINT  HO  1 

MO  1  FORM  A  I  (  M  X  ♦  3HF  1  IP) 

PRINT  PO?0,FOR 
PRINT*'  RO  0  7 

pon  7  FORMA  I  (  7X  ,  ?M  Fi|«8X  .RHFY.  7X  ,  3HF  SlJ«  ?X  «  3HFr  Y  *  RX  ,  RHFE  *  8X  ,  RhFG  ,  7X  » 
1  1HF  Yr  *  /  X  ,  Ti-F  YR  ) 

PRINT  vc?0f  Fii.fv  ,F  SII*ECY,EE.Fr,,FYC.FYH 
PRINT  R  0  4  0 

?un  fOkmaT  ( <- <  ,  amfoyc  »  SX  ,  4rFC  YR) 

PRINT  NrRl,FrYC,FCYR 
PRINT  ROOM 
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c’l:nn 

4t)/n 

Oil?/ 
ON?  T 


KOHMJ 1 
FORMAT 

f-  ORM  A  T 
F  ORMA  1 
rORMrt 1 


<  Rx ,  4MF0HO.SX,  3HFM(.t»7*  ,3Hf  Tfc  ,  7X.3HFCP) 
(  <<f  i  n  „  0) 

<»*pin.4) 

<HF \n.R) 

(->110) 


PRINT  R0??,rRHO,FM!|«FTE»FrR 


PRINT  t’O  rq 

/‘ID  J  FORMA  T  <  SX,  4HO(  1  )  «fiX.4HM(?)  ,x,X.4hM  (  3)  .fi».4HB(4>  » 6X*4HH(5)  .6X* 
l  4  HR  (is)  i6<  i4HW  (  7)  *  6  X  »  4  HR  {  H )  5 
PRINT  R0?l,R(t),P(?).R<3).R(4),B(S).«{fi)»R(73»R<8) 

PRINT  /0)0 

/HO  FORMA!  < SX , 4mR ( P) » SX. SHR ( l 0) .SX.SHM ( 1 1 ) ) 

PR  I  JT  '-*0?!  ,R(Q)  .P(  10)  *H  (  1  1  ) 

PRINT  >>011 

Poll  forma i  ( AX ,RRFF ( I ) »S«  .bHf  F (?) .5X.5HFF (1) »5X»5HFF  (4) »5X.5bFF (5) »5X  t 
1  K  HF  F  (6)  .SX.SHFF  (7)  *  5  X  ♦  SHF  F  !R)  ) 

PRINT  O0/0.FM1)  .FF  (?)  »FF  (3)  .TF  (4)  .FF  (S)  .FF  <6)  *FF  <  7)  »FF  (8) 

PRINT  /  0 1 ? 

?<H?  FORMAT  (4X,SHFF  (4)  «4X«6HrF  i  !0)  *4X«6HFr  (1  1)  ) 

PRINT  R0?O,ff  (q)  .FF(10)»FF(11) 


PRINT  <-013 

?i>)3  fOwma  |  (  i  ah  SFal  OFOmFTHY) 

PRINT  /  0  1  A 

?.')  1  4  FORMAT  (SX  ,  amsoot  ,FiX  ,4HStm  .4X.4HSELI  *  fi  x  *  3HT  A  I  *  5X  *  5HT  AOT  A ,  4  »  ,  fiHSLt 

1  f-T  1  ) 

PRINT  RO?\ .ROOT .SIOT.StLl .TA1 « T AOTW » SLFST I 

PRINT  ?01S 

?'HS  FORMAT  MRh  RF4L  LOAOS  INPUTS) 

PRINT  /Olfi 

?"H  6  FORMAT (SA ,4HOS|  T .4X.4HSSI T «  4  X  »  4HMSL  T ) 

PRINT  R(’?n,BSLl  .SSL!  .mSLI 
PRINT  /O)  7 

?o  1  7  format  <?Sh  SFal  MATFWIAL  PROPERTIES) 

PRINT  /0 1 H 

?0  1S  FORMA  I  ( 7* . 3HSTY, 7X, 3HSEF .fix ,4HSCYC.FX ,4HSCVR» 7X,3MSYP) 

PRINT  R"?')*  SOY,  SEE .SCYC.SCYR.SYR 
PRINT  /n  )  4 

/ill  <4  FORMA  F  <  3«  ,  TwSTF) 

PRINT  RT.??,«;rF 
PRINT  /OP? 

?  i  r/  /  FORMAT  I  Hi-  mO|  T  GEOMETRY) 
print  /0?3 

?>V  I  FORMAT  (4X ,smrh (1 ) ,bx  ,bHRH  (?) »5X ,5hRm (1) .SX.SHHH (4) .5X.5hHH  (5)  ,bX . 
1 sHhH (6)  . Sx ,prRm  (  7)  . 5 X . bHbH ( R ) ) 

PRINT  Y0?T  ,RH(1  )  .UH(?)  »bFI(3)  .HH(4)  ,PH(S)  »RH(ft)  »BH(7)  ,BH(fl) 

PRINT  /  0  ?  4 

2n?4  forma  f  ( 4X .SHRm (P)  »  4  X , bHHH  » 10) .4X .fiHflii  ( ) \)  »4X »  6HBH (1?)  ,4X  tfiHHH (13) 

)  ,  4  X  »  R  rlpH  (14)  *  4  X  «  fiHRH  (  lb)  ) 

PRINT  R0?1  .HH  (Q)  ,bH (1 0)  ,HH (1 1 )  ,Hh  U ? >  ,Rh  ( 1 3 )  »«H (1 4 )  * BH ( 1 S ) 

PRINT  /0/e, 

?|'?S  FORMAT  (4X.fiH«uiC(  1)  *  4X  ♦  fiHHWC  (  ?)  »4X»fiHBWC(3)  »4X.6HBWC(4>  »4X»6HB*C<5 
1  )  ,  4X,  n,.R  vO  (fi)  .4X  .fcHbwC  (  7)  .4X  ,6HH\kC  («)  ) 

PRINT  xn/1  ,o<C  i  1  )  »R*r  (?)  ,«*r  (3)  »S*C  (4)  ,R*C  (b)  .BWC  (6)  .R#C  (  7)  *BWC  (B) 

PRINT  ■•?0?fi 

?0?fi  format  (  4  X  .  R  h  rt  «i  C  ( ^  )  .3X.7HRWC  ( 10)  «3X  .7HRwC  (11  )  »3X.7HbWC  < 1?) »3X, 

1  7HPN0  (  I  3)  ,  NX  ,  7m«/C  (  14)  »3*.  7hRx*C  (  lb)  ) 
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^  1"H  4^l,iur{g),ftwC|10)  .HWC  (in  tB*C  (1?)  « HWC  (13)  *BWC  (14)  *BWC  (IS) 

P R  I  N  r  ('A37 

''Vf  FOWMA  r  (M.SH^d)  f  SX  .SNRS  <  ?>  ,5X ,5HHS  ( I)  „5X»5HRS (4)  ,5X»ShBS(5)  ,s*;» 
i  ^HhS  (  5  )  tri*  (  7  )  ,sx  ,5hBS  (8)  ; 

Ph  INT  9n ?)  ,R5( )  )  ,HS  (?)  »hs  (3)  »MSU)  ,hS  (5)  «BS(6)  ,BS<  7)  »BS(0) 
print  ?o?g 

2<'?b  fOrma  I  (  5 x  ,5 MRS (9>  ,  4X,feHi3S<  10)  »4Xf  6HBS  ( )  L)  ,  4  X  1 6HF) S  <  1 2  >  ,4  x  *6hBS  <  13). 

1  «  4  X  »  4  hm S  (  l  4  )  ,  4  x , 4H88  <  1  5)  ) 

pBI>mt  9n?i  ,»S(Q)  .MS  U0>  ,BS(  11)  tBSa?)  ,RS<13)  .HSU*)  *RS<15) 

PRINT  ?f)?R 

FORM  A  r  <4*  ,XHHT4  (  1  )  ♦  4  X  *  4HRT  A  (  2  )  , 4X,6hBTA  (3)  ,4X,6HRTA (4)  *  4  X  *  fcHBT  A  (5 
1  )  »4  X , hhBT  A  ( A )  ,  4  X  « 6HP  T  A  ( 7)  « 4  * . 4H8 T A ( 8 )  ) 

PMnT  *VO?l  .BTA  (1)  *HTA  (?)  tBTA  (3)  ,RTA(4)  .OTA(S)  »RTA(6)  ,81 A  (?)  ,  BJA  (0) 

print  2030 

*<>30  FOhmaI  (4X,4MRTA(V)  ,  TXWHRTA(IO)  «3X,7HBtA(U)  ♦  3X »  7HBT  A  (12)  »3X,7hBT 
MU  3)  »3X,7HBTA(14)  *  3  X  »  7MB  T  A  (  1 5  )  ) 

PRINT  POP)  ,  R  T  A  ( 9 )  ,BTA(  1  0 )  , RT  A  (  1 1 ) ,  B  T  A  (12) ,  RT  A (13)  »  BT  A ( 1 4 )  ,  B  T  A  (  1 5 ) 

PRINT  2  05  3 

2 "8 3  FORMAT  (4 X  ,4hnwT ( 1 )  *4X,6HNWT (?)  ,4X  »6HNWy (3)  ,4X,6HNWT (4)  »4X»6hNWT (5 
1)  4X.feMNmT  (A)  ,4X,6HN«T  (7)  ,4X,6MNtXT  (fi)  ) 

PRINT  90? 1  ,nw?  ( 1 )  » NWT (2)  , NWT (3) ,NwT (4) ,mWT ( 5 )  » NW T  < 6 )  , NW T ( 7 )  » NW T ( H ) 
PRINT  2054 

2  0  84  PORn a  r  UX.AHNiWT  (V)  ,3X,  7MNWT  (  1C)  ,3X,7HNWT  (  11  )  ,3X,7HNWT  (12)  »3X,7HNW 
1  T  (  1  3)  »  IX  ,  7RMXT  ( 1 4 ) ♦ 3X  ,  7HNWT  <  15)  > 

PRINT  90?1,N*T  (9)  ,NWT  (  10)  ,NRT  (11)  |NWT  (1?UMWT  U3J  »  NWT  1 1>)  ±NWT  i  151 
PRINT  203b 

2  0  7  8  FORMAT  (4X.4h04F'(1  )  ,4X,  feHOAF  (?)  ,4X,4H0AF  (3)  ,4X  *6H0AP  (4)  »4X,6HDAF  (5) 

1  ,4X,RMI)AF  (4)  .4X»4H0AF(7),4X,4H0AF(8)) 

PRINT  9  0?]  ,HAF  (  n  ,()AF  (2)  ,OAF  (3)  *  DAF  (4)  ,r»AF  (5)  ,DAF  (6)  ,DAF  (7)  ,DAF  (8) 

print  2039 

?0  3r  FORM A  1  ( 4  X  « ftMOSF (9)  ,3X, 7HOAF (10) , 3X ♦ 7H0 AF  ( 1 1 )  ,3X,7_HDAF  112)  ,3Xj7HOAF 
l(13)»3X,7wnAF(14) »3X, 7ROAF ( IS) ) 

PRINT  90?1  ,OAF  (9)  ,DAF  (  10)  iOAF  (11)  «DAF ( ) ?) »  [)  AF (13)  ,0AF (14)  ,DAF (15) 
PRINT  2050 

2050  format  < 1 1 h  COLT  INPUT) 

PRINT  20s 1 

?r,s)  format  <hX,?hi  I  ,3X,4hImaX) 

PRINT  9(1?3,T!,TMAX 
PRINT  2ns? 

205?  FORMAT  (SX.1RRMT) 

PRINT  9f)?l,MNI 
PRINT  2031 

20 n  FORMAT  (?5R  bolt  MATERIAL  PROPERTIES) 

PRINT  203? 

203?  FORMAT  (mx,?hry,hX,?hhiE,8X,?hBU,7X,3HBYC,7X»3HBYR) 

PRINT  90?0,PT,RF,bU»HYC,8YR 
PRINT  2033 

2033  FORMAT  (RX,3HrtTF» ?X,3HbCR»feX,4HBRHO) 

PRINT  90??, RTF ,HCR»RRhO 
PRINT  2055 

2055  FORmaT  (3X,?ph  ring  GEOMETRY  AND  PROPERTIES) 

PRINT  2054 

2054  FORMAT  (4X,4HWCf)I) 

PRINT  9  C  ? 1 ,hCHT 
PRINT  2057 

2  0 5  7  FORMAt  ( 7« , ?HPi  i  , RX , ?HWT ,  7 X , 3HRSU , 7X , 3HBrY , 8X » 2HRE , 8X , 2HRG , 7X , 3HRYC 


B  -  38 


1  ,  7A.3UWYR) 

PR  I  N  T  R  0  ?  0  ,  PI  l ,  H  Y  ,  hSt  J  *  RCY  *  «F  »  PG  *M  YC  »  RYP 
PRINT  ?()SM 

P  ■  r  5  M  FOHMaT  (5* ,4fRrYC*6X,4HRCYR) 

pH  I  NT  t*0?0«RCYr»PCYR 

PRINT  ?ns9 

?OSO  pOHMA  I  <GXt3HRTF*7X»3HRCMt6Xt4HRRHQ)  .  ..  _ _  _  ... 

PRINT  R0??,WTF ,PCRt WRhO 
PRINT  0  3  4 

P  r>34  FORMAT  (3?R  5  Y  >  V  F  H  PRESSJHF  ANO  TEMPERAiURF) 

PRINT  20  35 

?  0  3  S  FORMA  l  ('>  Y  ,  IMP  ,  9X  «  ?HPP  *8X  ,2HPP  *  7X  *  3HP  I  M  ,  6X  «  4HTMA  X  *  6X  «  4HTM I N  ) 

PRINT  NO?O.P»PP«PH.PIMtTMAXtTMlN  _  .  . . .  . . . 

PRINT  ?0<S() 

?0  60  forma  1  (FX  ,4HPT  1C  «6X  ,4HDT7?C  »iSX  ,4Kf;.T3C,6x  »4Ht)TlH,6X  »4HDT2H,6X»4HDT3 

1  M> 

PRINT  RO?0,nTlC*nT2C»or3C«DTlH»0T2H,DT3H 
PRINT  t‘  0  3  6 

2<>36  format  (7*»3HF5\*  TX«  3HFS?«7X»3MF?3i  _  _ _ . _ _ 

PRINT  40?1  ,FM  .FS2,FS3 
R110  CONTINUE 
kOUNT=0 

c  TUt»E  Calculations  TURF  wall  » TUBE  BENDING  mOMENT»TUBE  BENDING  STRESS 
TW2=1 . l*pp«TOn/ (?.*TY* *8«*PP) 

tw3*1  •  1  «PH*TO0/ <2.*TU*  .B*P9)  . ..  _ _ _ _ _ 

TFITFRO  ,FO»  0.0)  GO  TO  16 
T*4= l . 1*P Tp*TOO/ (2«*TFR0> 

GO  TO  17 
16TW48T*3 
17  CONTINUE 

If-  UOOl-T.wl)  1  ,1,8  _ _  _ 

l  TR=rwl 

GO  TO  3  . . . 

?  TW=maX1F ( Tw?*Tw3*Tw4) 

3  w*3. 1416# { T0D**4- <  TO0-2.*TW) **4) /(3?,«T00) 

tKITrmi  ,eo.  0.001)5*4 

4  T HHa T  bM  1  ...  _ _ _ _ 

GO  TO  6 

5  THM?=»<».R667"TY 
TBM 3  =  w*  .  M»TR 
TBM4=w*.S*TF 

TBNSsMlNlF (THMP,TBM3«TBM4) 

THM6  =  <jO.*  (  tOO*3  ,  )_««3  _ _ _ __ _ 

THMsm I N 1 F (TRMS.THM6) 

6  TBSsTbM/w 
TMU  =  TUD—T m 

P 1  =  3 .  1 4 1 R  .  .  . . 

IF  (ToD-3. 0)?6, ?6. 27 

?6  Pl.O* .  5*  T  ps^p  T«  (  TOO~Tw)  »Tw»  (  .5*  »  5»  (TOD/3. )  ) _ 

GO  To  33 

PI  «L0= , 5UT RS«P I » (TOU-Tw) *TW 
33  HL1=MA*1F  (RLO,SS|_l«PT*T0D) 

MMP  =  4  . 

IF (TOD-3, 0)60, G0»61 

GO  1  =  1  _  _ _ _ _ 

GO  TO  h? 
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c 

c 


<*.1  T  =  /' 

ft  ?  y  T  -  ( ,  «  |  » 

ftO  =  ( 

Tf  (,(''•  I  -1-1  iPTl)  ft4*ft 3»ft3 
ft  7  ft  l  - 1 .  e  ft  »  t  >■> 

r, o  r;i  ft s 
ft  4  ft  1  =  T  W  ♦  *-•  u  u  T  T 
ft  S  Mctfin-r'.orw 

t  f  ( .  oo  I  -y  P  n  700  ,  70)  *  7  0  1 

7  00 

r.(  rn  7  o  ? 

701  T»-  (  ToP-4  ,  )  70  3,701,704 

707  h-MsO.  IPS 
ftO  ro  7' i ? 

704  T  •"  (  r  fv  j  -  <7  ,  )  7  Oft, 70S,  7  0ft 

705  f.  ft'  a  - : .  1  ft  7 s 

or,  to  70? 

70ft  JM  lnn-1  ?,)  707,707,70(7  . . 

707  e>  =  o.PS 

ftO  TO  Toy 
700  FWs  ) , j l ?s 

7o.'  coni  fwijft 

SltSsi).  1  *0.01?«Tno 

sli)=  ( T-).)-?.»r  V)  ♦2,*‘>LE<3*fi.l5  _ _ _ 

1  4  TA  =  TAOT*M»r* 

\5  SO -)  =  sIu*-J,«TA*?.»SlEG 

cv3  =  SiJ«-?.*rA 

5Lc(jT  1  SLT«<  SOO/i)  D  /SCYR 
SLtGTPsO. 04*  (O.OOi*H»<»0,5*10o)/l?.0 

5Lh  'iT*SAXl  f  <  5(_rftT  1  ,Sl£GT2)  _  _ _ _ 

Y  AKSt.arfSI..  T*  (501/03)  -SCYR*  (Snn*S0h-6'3*03>*SLEGt/  (S66*s66) 
ftOLs?.  *ftSl.!/  (sryRoAl.'ir,  (D3/SIO)  ) 

5X=SPL/?. 0 
l  T=5fi/T.\ 

1M  T7  14,0-lM  I'*,  19  »?'.-> 

19  TAs|  A*'). 005  _  _ _ _ 

ftO  TO  IS 

25  T»-  (  .  O'!  1-50DT  )  7?,  12  ,29 
j?  S0l>=S(*.)I 
5  I Uaft 1  i )  J 
STL=StLI 

T  4=  T  a  l  _  _ 

5LEST  =  SLpr)T! 

5*=SP L/? 

I  QAO  C  ALfti  )L  A  T  1  ONS 
?R  mSl*m5L 1  OP  I «SOO 

P«tL  IS  [NAfty  ft  0 1 .  T  CALCULATION 

A  =  0 . 0  _ _ _ 

1  OR  Hi  IS  I  =1,  1  -T  4 

Alft  As»T  A ’I  (m.|R  I  /  (  ?.  0*  <H«G0)  **.5)  ) 

0=  (FH-TM#St,l  (  A|  fS)  )  *T  AN  (  ALT  A  ) 

OlU=T‘>0,?.*  (  hi  iq  J  -0  ) 

Al  =  (  (  ft  •  *  ft  L  0  ) / { °  T  C  Y  ) ♦ (  R T  0**? )  )  **.  5 

A?  =  snu*g,«  (  (  SLEGT*6  *  0*^SL1#FSL/F  Y  _  _ _ _ 

a 3  sou*?,*  (9SLT*FS1/FSU> 
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AS  =  Soi>«/.<*(0<,o*,04fO,)«»007‘>) 

A  4  =  *  a  *  1  F  <  a  l  ,a?,A3*AS*A> 

r  f  t .  «  o  i  -  a  n  u  n ,  u  o  ♦  li  3 

Ilf'  AS"! 

c,o  ro  in? 

11}  ftrciU 

107  yf-  ( !-I"4< )  1  1*,.  1009*  1009  . 

1009  uhlwr  1010 

1  o  l  o  fOi-maT  rjX,l*HnO|  r  Rt-'OJIRFO  NO  T  AVAILABLE  IN  TABLE! 

qO  TO  999 
1  1*  iCU|  iAMh  (  J  ) 

nCn?*T  i»r>*  ?,  •hii«a  T  *dteC  ( I) 
o(  U  TsMf. » {F  (HCD1  .BCD?) 
rB  (.n('l-oCf)T)  1  I*»*ll5*ll4 
11=,  Mf  U  =  9Ci)  I 
U I 

T  —  1 1 

r,0  TO  )17 

114  P  C  U  S  M  C  U  3  ..  ..  . . 

MM=Mf U*PT  (  T  ) 

(V  F=HM/r'  . 

N  =  2*  IV|H 

1  i  y  <;n'0s;> ♦  l  A 

c=  (8.*A4t>IQ)  Z3. 
wcij  =  «cn*?.«qn  ( T ) 

H?=o.b"  (r-  ( A*m  /?.) 

H3=o.b*((A*q) /?.-sM0) 

H4=((A*H)/4,)-M./3*)  *  (SOO**?*50n»b4B*»?)  /<S0D«-B> 
hS  =  0  •  b*  (  OC0- vl ) 

hos!|A«H)/4,1-(  TW*hUHI  )  /2  .  . . . 

C  FL«Nf,e  ST/F  CAiCDLATTON 

H  =  2.o*(f«*r,o)  «*,S 

K  =  A/M 

t=1  ( k«»k  )  <*  (  1  .0*M.S5?46»ALOr,10(K>  < l *0*720*1 .v**80*K*K> * <K-1 . 

1)1 

•  I#  UK*K  )  *  (  l  ,0*n  ,S5?46*ALOG10  (K)  )-l.)/U  .3^1 36*  <K**2-1 «  )  *.(K-1  #  l.l .  . 

Y*  ( l ./  (K-i  ,  )  )  *  (  .<S684'54$>.  7i  7*  (  <K*K)  *ALOG!  n  <K)  /  <K**2-1 .)  >  1 

/= ( K*K* 1.1/ <***-] . ) 

Fs, 9  0 9-  .  031  *  (01  /GO-1  •  )  -  *1A05*  ( G 1  /GO-1  •  )  •*.*> 

VS‘S‘5*  •  1  (Gl/fiO-  1  •  )  -.5bS*  <  G 1  /G0-1  .  )  **.«* 
wO  =  (  <•-*♦{}))  «G0  )  <M»,b 

|  C  tst-  /  H< )  _  _  _  _  ... 

|  CDs  <U/V)  *w0*00**2 
?o?  i  = { X  r*LCF ♦ 1 «  > / T*  (XT**  3»  /LCD 
r.F=0,b*  <01  *30) 

mHO=  (  H*r,F  ) 

rl  =  (3  •**.'?>*  (P.-FMII)  /  <*.*EE*  <  1  ,-FMU**?)  1 

r2  =  (  }./ ( 1  ,-F^'l**?)  )  **.5  _  _ _  _ _ 

r  J  =  ( i  <?.*  U  .-F  <if**2>  )**.2S 

C*=<  (  1?.*<  1,-fmm**?)  >«*.25>/<2.*U  .-FMiJ**2)  > 

aTTA=(  J.  »  (1  .-fm'J**2>  /  (  (  <  (TOO/?. )  ♦  GE-Gfl)  #*?)  *  <GE  )  **2)  >  **«?5 

wOHs  «n»,G 

r.AMMA*  <(jF*  ( F^'  (♦  7 )  *  <  1  .  *C3*  XT/HOP)  )  /  <  1  .  ♦  ( r**R*GE**  3*  <  FMij*  l )  /  <  HOP*X  T  * 

\«3) * (2*C T*XT/MOP) ) )  .  .  _ 

mT=Ff *GF "*}/ ( 1?.* ( 1 .-FMU**2> 1 
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O'r  S  ►(•-*»<  r  (  1  ?  .«  {  1  .  -P  ) 

<H  -  <  (  (  (  |  ,*t.  no  /  (1  . -Fmi|)  l  .  >  •  (  1  •  ♦FMiJ)  ) 

A  I  -  ( i 1  1  /  .  )  a  (  r  ■  VI «  * 2 - H « «■  2  ) 

(T'n-\#r;n*?.*fil)*#4-(  T0D-2. *TW)  »*4 1 / <32„* (  T0n-2  .  *G0  *?  ,  <*G  l  ) 

1  » 

,\h=  <(<  TOn--.>.*>r,f\,.,>.«>(n  >  <*»2- <  Tno-?.*O0 )*<*?)  «*Pl/4.  ) 

C  nt  M.F  C  I  t  on  rj  a  tp  S 

nS  As-  (  S  X  )  /  (Sf-PttPI*  (  M  ♦  T  A)  »  T  A  ) 
iiSH=-(M+TA)/(P,upl#SFL<>TA*<iFf) 

,•0  3  l 'HAs  (  (-5H  ♦  K  T  )  /  ( AF«P  t  »M5  U  )  «*2/4,  )  )  ♦  (RT  <  T  )  /2.  )  /  <RE*BTA  (  t  )  ) 

OH  A  si  )M  A /am 

M t-  ►■«  =  (  »'M  <*  V  1  /  (l»hO*G0**2*FF) 

nt-  As-uFw#  (h;h3)  »*2-  U  .  /  (  2 .  *P  1  *F  G<*  X  7  )  )  #  ai.OQ  ( C/SMI) ) 

1  - <  AT  > / (  <P  |  /4.  ) * ( A*«2-B»»2> *FF) 

oh  Ms  a  .  /  (  p  [m3M  (  «t**3)  *  alot,  ( roo/hto)  ) 

OKAa-MBHt»  (h  =,»*?)  -  (  1  .  /  ( 2 » # P I  * PG« R T )  )  *  ALOG  (  RCO/C ) 

1  -  <HT)/(  (t->T/4.  )  *  (HCO^P-Rin**?)  *RF) 

C  RING  CALCUI.  A  HONS 

kr  =  roij/r  r  f) 

YW*  ( 1  .  /  <  <R-  1  .  n  #(  .66R43*5.  71  7*  <  (KR*KH)  »Al_OGl  0  (KH)  /  (KR*'*2-1  .  >  )') 
q  A  1  1  O  =  A  /  T  O  n 

TP  Uilin  ,  lf.  1.1)711.712 
ru  xlP=o«l  7p«  (  (  (on/FW)**.S)  ♦  .0 1  4 
au  ro  t 1  a 

712  ff-  (HAT  10  .LF,  1.2)711.714  . 

71  1  K  T Fa  0,2 02*  (  (  TOn/FW) **.5)  ♦  ,  RF 
GO  TO  71m 

714  IF  (RATIO  ,|.F,  1  ,S)  7  1G,  716 
71-  «TF=n,2?}»<  ( Ton /FR ) »  G ) ♦ . 7R 

go  fn  71m 

'TFso,2R2»  (  (  TOO/FH)  «»,5)  .,6<J 
71  A  PONT  T  NUF 

c  |.0  ai)  CALCULATIONS  CONDITION  1  AND  2 

Pi=0. 
p2=*P 
T  H  M 1  =  0  . 

THM?=  TBN  _  _ _ 

pP2=<  (L*MO«r,o*»2*F£)/(,Rl*V)  )  *  ( C 1  »B**?*g  ammA*P2/ (XT«M X  T*#2*  C2*GE*G 

1  ANNA )  !  ) 

C  A  1  s  t  , 

PA2  =  P2<>  <p  T  /<i  .  )  *  (0**2) 

PPL  1=0, 

pPL2  =  H2«  (PI /4,  )  *  (  500**2-B**2)  ..  ..  _  _ _ _ 

wSLl =HSL Too T^SnO 
111  SL1=mL1 

MOls-PSLl»XT/?.*l-iLl*H2*SLl,‘H? 

vC2s  A 1 Nl f ( ( L*G1 **2* ( «♦ T«) *FE*FCR) » (M01*FE*FCR/FYR)) 
hP  1=C»L  l  *H<S 

c  STapsS  CALCULATION  CONDITION  1  __  . .  .  . 

110  GH=(  <»L  l*p?.si  1  »HJ)  /  <L*G1  *■*?«  (8.G0)  )  ) 

111  FRSa  (  (PSl.T*<T/?,)  /(L*01»*?*  (R.GO)  )  ) 

SR  =  ’*n  1*  (  1  .  ni*VT#LCt* 1 . ) / (L*XT**2* (B*GO) > 

STaJ,OI*(Y/(XT»»?*b)  ) “?*SW 
PR  an. 

SP»<  =  n  .  .  . . 

FPAso. 
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SChrt=(>, 

SC.c  0  • 

F  S S  =  m_  I  /  (  f  pnop  t  *'  *  T  ) 

SSC=SL l / (  <  <0*2. AT  A ) API /A.  ) 

S  IS  =  HL  1  /  (  -1N*H  r  A  {  I  )  ) 

SF  H  =  4  .*M|.  1  /  (P{«  ( a  «<*?-«  1 0**2  >  ) 

G  T  H  =  (MW  |  <>  Y  9  1  /  (QT**2*f?Il)) 
oSbsHL l / ( a«o f  »PT ) 

T F  (Sf-'H-Krvw/?. )  121  *  121*  122 
12?  It-  <.  KJI-AI  )  121,121,120 
1  ?r>  a  =  a*  .  0  l  S 
r,o  ro  1 1  s 

121  Tl-  (HfS-MYD/PS;?)  314,  31<**903 
■-*0  3  r  ~  ( o - 1 1 )  lUiin.m 

3  n  r  =  i  ♦  i 

GO  TO  107 

114  IF (S9-FT9/FS1 >31S»31S*302 
T1S  IF  (ST-Pr»/FSini6«316»302 
31*  rF  (FSS-FSiJ/FSl  )  317*31  N30? 

317  rF  (SSt-SCVP/F SI  1  318*318.61 9 
ST*  PSI-MT  02  0 

O20  FORMAT  (0X,1Sh  SSC  EXCEEDS  LTMlTi 
ns  TF  (  STW--*Y2/FSn  319*319*303 
119  T  F  (WSS-9SU/FS1) 310*330*303 

4  02  T  F  (  Mi  |H  I  I  .|_T«  0*001)H02«30? 

S02  T  F  (  G  l  O  T  V  T  .LT»  0.001)H04,<303 
so  i  r,  1  u T  v  =  'i  1  n  * 

T F  t (3 1  O r m*  .GT.  GIOTWI )  302,flO4 
M04  Gl=Gl ♦ 0 . ooc 
X r=XT-0 . 0 40 
GO  To  1  OS 

402  xr=XT*.01S 

IF (XT” 2.* TOD) ?0 2*1003*1003 

\ o 0  4  OH  I N r  10  04 

1004  POOMrtT  ( 3X  *  3 1 HFL ANGE  THICKNFSS  EXCEEDS  LIMIT  ) 

GO  Tn  <gq 

403  g  T  =  W  T  ♦  .  0  1  G 

TF(9T-2.*T00) 20S* 100S,  100S 

1005  PtSIOT  loos 

1 0  Os  FOkiSA)  ( 7 x , pgnq t nG  ThICKNFSS  F  XCFEOS  2**T00> 

SO  TO  999 
HSl)  XT  =  XT*.015 

KOI  JN  T  *M0>  IOT  *  1 
T  F  (KOONT  ,|  r,  s) «*0,202 

550  T  F  (  G  1  .(3T.  1  .  7G*Tw) 3S1 *202 

551  01=01-0. 00s 
GO  TO  100 

3  3  n  x A i=_Sm*Sm*SPp  +  Spa*SRS 
X  A2  =  -'»CF.  A*S9 
X  A  3  =  S  I 

KiA  l  a-SH-SH  *SPP*SPA*SHS 
m A2=-SCF 4 ♦GO 
k  A  .3  =  G  r 

c  x  A= ,  />•  1 1  l  »  (  <  X  a l -XA?) **2* ( XA2-X A3) •*?♦ ( XA3-XA1 >  **2>  °*»5 
CM  4=  ,  7  17  1  1  o  (  <MAl-9A?)»*2*  (NA?-NA3>**2*  (NA3-NA)  ) *•?)•*, 5 
P  A  s  A  -I  rt  X  1  (  AMS  (  F  X  A  )  ♦  A  G  S  (  F  N  A  )  ) 
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T  ►  (  K  .1  —  t-  i  '/f,  i  >  iS?*3S?.  ini 
3S?  <m i  =  ♦  sn* <;  o-smm* sp a-Sms 

v  i,2  s-'if  I- 

i  H  )  =  <;  r 

vrtls*Vl-S-t~SPM*$PA~SRS 

n,h2s-SCFo*sm 

mH  )  =  >->  I 

FXB*.  7P  M  l«  (  (  XU)  -AH  2)  ««i+  (  XH2-XH3  )»"i*  (  XHJ-AHi  i  **gi  *«.3 

►  F'>3  =  .  f'l  n  1 <>  (  (  0>-U-nH2)  «*2*  (NH2-NH3)  **2*  (NR3-NH1  )  **2)  **,5 

PHsAhAX ) (AHS(F*M) , AHS(ENH) ) 

re  (fo-f /o/psi>  3s?*  3B?»  3o? 
c  I  o  A » »  Ann  MO’iFNT  r  M.TML  at  ION  condition  ? 

)<S?  T  I  2  =  F  m*  ms*  AT 
M?  I  »-F  ML?- ri  ? 

p  ?2  =  -F  hi.?  <>»-<♦♦  (  p?*PI  *R»Sx ) M  XT/2. )  -mp?-mc2-tl2*h6 

t)i  J  =  -  (H?*R*  (  (  a*M) /?.  >  )  /  (4.*  (  (  A-B)  /2.)  *FF1  ♦  (P2**R»SMD>  /  (4.*TA»SFe> 
»?4s  (HCR#  (<?<*tt*PT>  )  /  (OBA-ORA) 

Op's* Of-  A  /  (  <m?  «  (OBA-OPA-DSA  »  ) 

w<?h*  (OHA-n  m)  *  (R24-R21)  / < OB A-OHA-OSA) 

w2  7= M2 ho  (  HP* m3)  *h2-  (R?3*xT)  /  (OSR*?. )  *R2Z 

R?B= ( 1 .- (M^s*  fM?*H3)  )  -  <DFR<»XT<»**2>  /  <DSR»4.  >  ) 

m(I<!*MO  1  -P?  A/PPM 

SI  2  =  SL  1-p?  7*H?C;/P2B-W26 

PSL^rHSl.  1  *  (p?7*0FH*XT  >  /  (  R?B*  ?  .  «*OSR  )  -«  ?  3  /nSR 
hi.2=hi_  i-m2 1  -B2*-R27<»R2VR28 

mP2=4L2»mS 

T  F  (S|.2-HSL>  331  .332*33? 

33  l  HI  1  =  1  ,  n )  *H(_  1 
s 0  To  111 

33? 

w??p  =  -f-p|?<m4+(r5?*PT«H*SX)*(xT/2«)-MP2-TL2*H(S 

B?3P  =  - <P?*h* ((a*B>/?.))/(4.*<  <  A-B) /  2  »  f *  F  F ) ♦ (P2*B*SMOj / U.*T  A*SEE> 
P?4P=0. 

PPhPaUF A / ( ( M? ♦ m3 ) * ( OPA-OHA-nSA) ) 

0?bP=li)HA-rPA)«(Pc'4P-W21P)/  (l)RA-ORA-DSA) 

B?7PsH?«'P*fM?  +  M3)*R?lP*H2-(  P?3P*XT  )  /  (OSp*?,  )  +  R22P 

«2pp  =  tl  ( u?sb* ( o2*H3>  > - (OFP*XT**?) / (0So«4, ) ) 

m02p»oo1-P?7P/o?HP 

SL2^abl  1  -I V  m»D?SP/R?RP-FI?6P 

PSL?P  =  ‘<S|_  1  ♦  (  P?7P«uFP«xT  )  /  (  W?«P«*?,<*DSP)  -Q?3P/0SR 

hL?p-  hL  1-m?  i  P-o-JsP-o?  7P»M?5P/R28P 

wH2P»^U?P*pS 

W?lt  =  -FPL?-FA?*THS*AT 

Or'<,^-FPi7«M4*  (P?*PT»H»5»1*  f  XT/2,)  -MP?-M6*  (FA2-TBS»AT) 

M?3hs-  (P?*h»  (  (  A ♦«)/?, )  )  /  ( 4  *  *  (  { A-n  >  /?  ,  !  *FF  )  ♦  (P2«B*S.M0)  /  (4,»T  A*SF.t ) 

H?4is0 . 

M2  80  =  OF' A  /  (  (H2*m3)  *  (  IJRA-DRA-I)5A  )  ) 

B?<V1s  ImHA-PPA)  »  (P24V-P21M)  /  (OBA-DPA-DSA  ) 

P27o  =  w?h'/«(H?*M3)  ♦w?}M*H2-  <»2  3M*xi  >  /  ^DSP«2j.L+r22M 
u?H -Is  <  t  .  -  (  P?SM«  (  h2*h3  )  )  -  <r>FB*XT •*?>/<  0So*4,  )  ) 
wOd  -1  =  oiil_pp7P/D?HM 
S  L  2  h  =  "j  l  1-p?7«*o?SM/R?HM-P?6M 

«Sl?m  =  mS(  1  ♦  (  m?7h*|)FB*x  T )  /  (R?rm*?,*DSP)  -R23M/DSR 
ML  2-1  a  HI.  l-Pplw_o?f,M-»?7M*»?5M/P2HM 

MP2r1  =  Hl_2^*M5 

c  SlhFsS  CALCULATIONS  CONDITION  2 
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Sh?p  =  (riL?P<>H?*FPL2*H4,Tl2*H6*SL2P*H3)/(l  *G1*»2« (8*G0)  ) 

SH?M*  (hl?:ji«h?»pP|.2*H4*  <Fa?-TRS*AT)*Hf>*Sl.  2M«H3 ) / ( L*G 1 **2* ( B *60 )  > 
SRS?P=<wS|.?P**T/?.)/(l*Gl**?*<8»G0)) 

SRS2m=  (  RSL?m«*xt/2.  )  /  (l.«Gl**?*  (8* GO)  ) 

SPK2="1P?/ ( |_*(3l<>*2*  (8*G0)  ) 

Sb2=r>i'V/H 

SPA?=FA?/Ah  ...  .  _ . . . . . .... 

5Cfc.8?  =  0 
SCfc  A?  =  P? 

SM2P*MO?P*  (1 .333* AT*LCe*l .)/ <L*XT**2* <8*60) > 

SW<!h*mj?m*  ( l . 333*XT*LCE* 1 . ) ✓ (L#XT*»2* (9*G0> ) 

st?p*ho?p*  t  v/  ( x  t«*2*b) )  -z*sp?p 

ST^MsHDpw#  (  y/  (  x  ) -;*SP?w  . 

f-  S5?  =  bl  ?P/  (  7  on#PT*XT  ) 

SSC2=SL?m/  (  (  (5*?.*TA>  **2-P**2) *PT/4.) 

HTb2P  =  bL?P/ ( H  T  A ( ! ) *BN) 

SFH?P  =  4.4BL,?P  /  <PJ*  (  A<»*2-WI0*«?)  ) 

5F  H?  1  =  4  (PT*  (  A**2“H  I  ()**?  )  ) 

c;  fK2P=  (MP?piyp)  /  (kX**2*Rin> 
sTR?m= (mu?w»VB) / (kT**2*Pin) 

PSS2=HL?P/  (  A*PT»«T ) 

SFd?=A?Axl  <SFH?P,SFH?m> 

TF  (SFH2-PCY/,?. )  .34  3,  343*  123 
12  3  TF  (  .no  1-a T  )  34  3,343,120 

343  JF (MT52P-HY/FS?) 344,344,91 3  _  . .  ..  _  _ 

913  TF(o-II) 144.313*313 

144  Jf  (  Sp.PP-FY/FSl  )  348*345,30? 

34  5  TF  (ST2P-FY/FS1  )  34b, 346, 30? 

34b  IF (FS52-F8M/FS1) 347, 347,302 
34  t  IF  (  SSC2-SCY/FM  )  34«,  348,6?  1. 

6?1  PPINT  b?2  _  _ 

b?2  FORMAT  (3x,iph  SSL?  FXCFEOS  LIMIT) 

34  H  IF (STH2P-QY/FS1)  349, 349,303 
149  IF (STR?m-9y/F SI >350,380,303 
15  0  TF  <9SS»2-PSil/FS)  )  351 , 351 ,303 
15]  <A  1=-Sh2p  +  sw5*5pp(j4Spa2  +  spS?p 

x A?=-5CE A 2 ♦SP?o  _  _  _  _ 

xAj=sT2P 

k1A1=-Sm?ji-s<ip,SPW2*SPa2*SP52m 
mA^s-SCF A2*S9Pm 
v  A  1  s  S  1  ?  M 

F  X*2s . /07 !  I  4  < ( x A1 ~XA2) **?♦ (x A2-XA3) **?♦ (XA3-XA1) **2) #*,5 

FMA?=, 10711 '  ( (NAl-NA?) «*?♦ (NA2-NA3) **?♦ 1 N  A  3 -N A  1 ) *#  2 ) *  *, 5 _ 

X  Aja  <A I  -  SPA? 
mA  1  .“\|A  I  -su  A 2 

TF  ( A  5  S ( X  A  1 ) - A  3  S ( M  A  1 )  >602,602,601 
50?  OMAX?A=MA] 

CMIN?AaXAl 
O0  TO  603 

5  0  1  r  F  A  X  y  ,»  a  X  A  1 
CM  l  J 2 A  =  N A  1 

50  3  F  A  a  o  1  a  X  1  (  A  *1 S  (  F  y  A  2  )  ,  A  8  8  (ENA?)  ) 

IF  (t n-F Y/FS1 )  1 352*  1352*30? 

\  35?  CALI?*.*  (CMAX2A-CMIN2A) /?, 

<"mn?a*  (C*'ax?a  *r.MiN?A>  /?«  .  . . 

F  A  L  I  ?  A  a  f  A(.T  ?  A  ■»  F  S  F  I 
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s  A  L  r  ?  -  F  t I  {_  T  ?  A 
SMN2A=Cmm?a 

«;(:hk?m=ams  ( W'o  a*sai.  r?A) 

TF  (Schkpa  .  f,  T  .  FM)  4  02  »  BOS 
MOri  TF  (SC>i*2A~FY>  Anf,6O6«M07 
MO  7  TF(AMS(SALT?A)-ry)ROH»HOBtMOQ 
MOM  <5mn2a  =  F  y-salt?a 

(V)  t  n  mj* 

MO<T  <;MN?A  =  !>, 

sMA<?AsS*m?<V*S  ALT2A 

IMl  n!?A  =  Smm?  a-salt2a 
pr  I n? A/s-'  Ay  ? a 

MS  0 

1  ISO  M  =  M*1 

tf  (bci-w(M)  )  j  3si  ,7ooo,  l3F>n 

1  %s  1  FFC2A=((u(M)-«rn/(«(M)-R(M-n))<*(frF'!B)-FF(M-l))>FF(M-l) 

r,0  rn  7nni 

7000  fFC2a=F F ( M) 

7001  cnN‘TI,s",F 

TF  (  4Mb  (  S 't  A  *2<\»  -FFC2M  1363,1 3* 1»402 
1161  xHlsSH?P,SB?-SOM2*‘?Pa2-SRS2P' 
xM2=-SCFm?,sR2p 
XH3*sT  2P 

wHl*SH?M-Sn?-SPR?*SPa2-S»$2M 

NH2«-*»CEB2*S«2m 

mH3«S  T 2m 

FXH2S.  70  n  1  *  (  (  VR1-XB2)  «*2*  (XM2-XH3)  **2*  ( XB3“*B  1 )  *<*2 )  **,5 
FN(J2*.  7  07  U  *  (  (mRI-NR?)  **2*  (MH2-NH3)  **?♦  (mBI-NUI )  «*2>  **.5 
EHsAmAX l ( AHS <F*«?) , AMS (Fm«?) ) 
xB1  =  xp1-SPa'2 
nMIsmmI  -gPa? 

TF  (F-R-Fy/FFI  )  720,  720,302 
720  IF  (  ABS  (  XH1  )  -  Aiq  (M«l  >)  605 ♦ 60?, 604 
60S  C'MAX2d  =  NP  1 
(-MlAi?H=Xri  l 
r.O  Tn  V  If 2 
7,04  fMAX2B=XHl 
CM  lN?h*NW  1 

1  If,?  C ALI?H«  itmak 2B-CM1N1?”)  /2. 

CMN?Bs<CMAX?tUr.MTN?H)/2, 

FALT?HsCA|_TPH»PSFl 
salt?h=f  alt?’1#ktf 

SMN?M*CMAJ21*rtTF- 

«CH*2rt*AHS<SMN?R*SAt.T?B) 

IF  (Sr,M«?l,GT.  FU)  402,810 
M 1 0  rF (SCMK?M-fY) 81 1 ,81 1 ,812 
Ml?  tF ( AM'> (Salt 2«)-FY)Pl1»813, 814 
H13  SMN?M  =  F  Y-SAI.T2M 
r,u  To  Mil 

«14  tjMNPMSe. 

Mil  Sf/AX?h  =  SM-j?M*<iAuT2B 
SM  Im?m  =  S  mnj?o-s  ALT2« 
pC2=bm  1n?m/S'Mx?r 

MS  0 

13F.0  M  s  M  ♦  1 

IF  (RC2-W  (  M)  )  1  Tf,  1  ,  7  0  02,1  360 
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n61  FFC2R*  <  <R  (M)-PC?)  /  <R  (Ml  -P  (M-)  )  )  •  (FF  ( M )  -Pf  <ii" _ 

SO  To  7003 

700?  FF  !  M )  . . 

7003  fONflNDF. 

TF <ARS(5mAX?H)-FFC2B>380,380,402 
1.0 Au  CALCULATIONS  CONDITION  3 

3  80  P3  =  PP  _ _ _  _ 

TRM  3a  0 .  '  ~  ~ .  . 

FA Jsp J* (PT /4. ) * (8**?) 

FPUlsP  i*  (PI/4.  )  •  <S00<**2-R**?) 

Tl.3*F  A  3  _ .  _  _  . . .  . . 

mP3=  (  (l.*H0«'in**2*FF>  /  ( .91  *V)  )  *  (Cl*8**2*(3AMMA*P3/(XT*(XT  '**2*C2*GE*G 

1  APMA)  )  )  _ _ _ _ _ 

R31*-FPL3-TL3 

P32  =  -FPL3*H4*  <P3*PI*8*SX)*(XT/2,}-MP3-Tl3*H6  ......  ..  ..  .... 

R33=- (P3*8« ( ( A+H) /2, ) )/(♦,*( (A-BJ /2.) *FF) ♦ (P3«B*SM0) / (4.*TA*SEE) 

P  .3  4  s  0  .  _  _ _ 

w3S*f)F  A/  (  (h?.H3)  *  (OBA-DRA-DSA )  ) 

R3fo= (UHA-ORA)  *  (  R  34-R3  1 )  /  (OBA-ORAj-OIAL _ _ _ _ 

r.3  7  =  r30«  (m?»h3)  *R31*h2-(R33»XT1/(DSR*2.1  *R32 

R3«- ;  1 (R38»  (M2tH3)  ) - <0FR*XT**2l / (DSR*4. 1  >  . . .  ....  .. 

m03=8O1-R37/R3H 

SI 3=SL 1-R37*H3S/HJ8-R36  _  _  .  _  _ 

rSL3=RSL 1 ♦ (R37*OFR»XT) / (R38*2.«05R> -R33/DSR 

8L3s8L1-R31-«36”R37*R35/«38  .....  _ 

mR3  =  8L3<*h5 

JF  (SL3-MSL)  331 ,3Q0,3R0  .  ..  _  _  . 

stress  calculations  condition  3 

380  SHjsiHt.  3ttH2*SL3«H3*FPL3*H4»TL3*H6)/((_*r;i*#2*(B*<30>  >  _  ... 

SRS3= (WSL3*XT/?.1 / <L*Gl»*2*  <«*G0> ) 

SPR  JsNP  */<L*Gl«*?»(R+GP)  )  .  _ _ _ _ 

cRJao  • 

SPA3=F  A3/AH  . . . . 

SCtH3=0 . 

SCE  A  3  =  P  3 

sR3  =  m0  3*(1  .  32  3#XT*LCE*l.)/<L°XT**2*(B*Grt)  ) 

ST3sm03« ( Y/ ( XT**2*R) 1 -2*5R3  _ _ _ _ 

FSS3sBI_3/(TOO#PT*XT) 

SSC3  =  SL3/ (  (  <R*?.*TA)  **2-B<*«?)  *PI/4.  1 
RTS3=HL3/ (RTA ( T ) *BN) 

SFrt3aA.*HL3/ (PT*(A«*?-RI0**2) ) 

STK3s (MH3*YR) / { RT*«2*RI0) 

RSS3  =  HL3/ (  A*P  I*RT)  _  _ _ _ _ _ 

IF (SFB3-FCV/2. ) ?3 14 .23 14, 124 
124  IF ( .001-Ai) ?3\4*2314. 120 
?314  TE(HtS1-8Y/FS?1 2344.2344.923 

823  TF(O-II)  2344,313.31  3  . . . . . 

2344  T  F  (5R3-F Y/FS1 ) P315. 2315, 302 

231S  IF (ST3-FY/fS1)?3]6, 2316, 302  _ 

2.3  IS  T  F  (F  SS3-FSU/FS1  1  2317,231  7,302 

2317  TK  (SSC3-SCY/FS1 )  2330,2330*623  _  ......  _  _  . 

A??  PH l N  f  024 

o?4  FORMAT  (  3 x  » 1  9h  SSC3  EXCEEDS  (.I^IT) 

23  30  TF (STW3-PY/FSn  2331,2331,303 

2331  TF  (PSS3-OSM/FS1 12332. 23??*303 _  _ _ _ 

2  3  32  xA  1»-Sm.5*SH3*SPH3*$PA  ?*SRS3 


X  A2=-SCF  t\  USM1 
x  A  i  =  s  T  3 

na  l=-Sn.3-Su3*SPR3*SP  A  3*S«S3 
nA^s-SCF'/'  3*bQ3 
NA.i*«;T  1 

rxtt3s.rnni<M(xai-XA?)«*2+(XA?-XA3>**?^(XA3-XAl)  **2)  **.5 

FMA3*.7ft  Ml*  ((MAI  “N A? )  #*2 ♦  (NA2-NA3)  **2*  CNA3-NA1 1  **.21  *•  .& _ _ 

FA  =  AxAXl  (  AH«;(FXA3)  *AHS(EnA3)  ) 

If  { F  A  -  F  Y/F«“l)‘»3‘3t30?  ;  3  n  7> 

?3A3  XH  IsRH  3*bR3-SDP  34.SPA1-SRS1 
XH2  =  ~!sCF;a3><;p3 
XHja«;1  •» 

NH  1  =  SH  J-Srt.i-S3p3»SPA3-SPS3  . - .  ..  _  . .  ... 

NH2s-!»CFp  3»SP3 

MH jssT  i 

rXH  Ja.  ^07  11  *(  (  XM1-XM?>  **2*  <  XR?-X!33)  **?♦  (XB3-X81)**2)  **.5 
FNH3» • tnj 1 \» ( (MHI-NH2) **2  ♦ (NB2-N03) «*2* (NB3-NB1) **2l**.5 
FHsAMAX  1  (  AB«;  (r  XR3>  »  AHS  (  JR3S) 

Tf  (FB-F  Y/Psi  12373. 302*302  . . . .  . . _....  _  _ 

C  l.OAi;  C ai  rii|  a t T oma  CONDITION  a 

2173  pa=Pm 

FA4»P4* (PT/4«) * <M»«2) 

FPL4  =  P4*(Pt/4.  (S0r)**2-H**2) 

TL4af  a* 

RL4  =  FPL4*Fa4  _ _ _ _ _ 

C  STKFSS  CALCULATION  FOP  CONDITION  4 

pTS4=8L4/ <mT A < I ) ««N)  . 

TF  (HTS-*-PH/rs?)4344  ♦  4 344 *933 
^33  IF (0-1 1)4144, 311t313 
c  l_  O  A I  i  CALOILATJON  CONDITION  A 

4  344  P*>*P  M  ...  .  _ _ _ _ 

FAb  =  Pb*  (PI/4.  )  4 (R44?) 

F^i-BsPS*  <PT/4.  )  *  (SOO**2-8**2) 

TLP=FAS 

mPB=  (  (i_*Mn<K5(i44?4FE)  /  ( . <9 1 « V )  )  «  (Cl*B**2*r,AMMA*P5/  (XT*( AT**2*C2*GE*G 

1  A  m  M  A  )  )  ) 

R?.ls-F  PU^-TL’I  . —  _ _ _ _ 

ub/s-FPL^HA*  (oR*PI*«*SX)*(XT/2.)-MP5-T|  5*h6 

Rbi  =  -<P5*R4(  <4»B)/2.) )/<4.*(  (A-B)/2,)*FF)4(P5*b»SBP)/(4,.*TA*SEE) 

P54»n, 

»bb*OF  A/ (  (h?*H1)  *  (OHA-ORA-OSA)  )  . ..  .  . .  ......  .  . 

ubt>*  (UhA-nPA)  4  (PS4-P51 )  /  (DBA-ORA-DSA) 

Rb/aRbb*  (H2*m3|  ♦R51*P2-(B53?X.T)/.(05PiL2*li:RS2. _ _ _ 

q5B*  (  1  .  -  (RbS*  -  <DFB*XT**2>/  (t>SP*4.)  ) 

MObsNi0  1-  PS7/RbR  ...  ..  ..  .  _  _ 

Slb  =  SLl-Rb7*W5S/»'30-P‘i<> 

pSLSsWSI  1  ♦  (  OS7«OFH*XT  )  /  (R5H*  '»*DSRJ  -R53/DSB  ...  ..  _ _ _ _ 

PLb*HL  l-PSl  -R'i4-»b7«»‘Sb/R5H 

MP5*PL‘i*t-5  .  _ 

TF  (SL^-msC)  111  ,S390»<3iyO 

5?O0  SHb=(8Lci<»H?4SLei*H34FDi.5*H4*TL5*Hb)/CL*0l**2*(.BtGn)  )  . . 

SPSS*  (WS!.S«XT/?.  5  /  (L*01**?*  («»«0n 
SPWSsi-'PS/ (l*01**2*  (H*O0)  ) 

*:Hb=n. 

SPA5  =  F  Ab/AH  - _  _ _ 

cCfcHb*  I. 
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SCtA6sP5 

.  33  3*XT*LCF*  1  .  )  /  (I  «*X 

<;Tb='/()S«  (  y/ (  x  )-Z*Srs 

FSSSsHLS/  (  TOnoo  f  *XT1 

SSCSsSLS/ (  (  (H*?.*TA)*#2-R<»»2)*PI/4,) 

R  rsSsrtL'S/  (fiTrt  (  T  )  *dN) 

S  F  H^s4,  #  H  L  5  /  (  P  I  *  (  A  *  *  ?  ^  10**2)  ) 

6TH5=(MW5«>YR>  /<RT««?*RI01 
pSSSsHLS/(piim«RT) 
n  (SFHS-FCyR/?. 55314. 5314, 1?S 
125  IF  (,Of't-AI)S3U,S314,120 
i  H  IF  (Hr>5~HYR/FC,?15344«5344,tM3 
94  3  TF  (  0-  II )  «j  344  ♦  3)  3.313 
5144  IF  <SpS-FYR/FS11S315»5315»30? 

S3  IF  IF (STS-F  YR/FS1 15316.5316. 3  02 
531ft  TF  (FsSS-FSij/t-SI  15317,5317,30? 

5  31  7  T  F  (SSC5-5Cvq/fs1  15330  0330. 6?5 

ft?S  PRINT  ft?ft 

ft?ft  FOHMAT  (  3  X  ,  1  PH  SSC5  EXCEEDS  LIMIT) 

5330  TF (STHS-PYP/FSi ) S3 3 1 . 5 33 1 , 30 3 

5331  IF (HS56-PSU/F51)633?.S332.303 

S3 3?  SHl=SH 

spm=sws 

SFWlsO. 

SH1=<', 

SRAUo, 

5CtHl =0  . 

SP1=5W 
5T1=ST 
SCtfll =0. 

X  A 1=-SHS*SS5  »5°RS»SPA5*SRS5 
x A2»~SCF  A5.5PS 
X  A3*STS 

rvAls„v<l-SHl  *5P»1  ♦  SPA  1  *5051 

N.Ae's-SCE  A  l  *SP  1 
xA3»5  r  i 

F  X  A  S  3 •  707)  1<M  (  VAI-XA?) »«?♦ ( X A2- X A 3 ) »♦? ♦ I  X A3- X A  1 ) »»2) »»,5 
FNASs.  7  0  711  *  <  (NAl-NA?) **2,  (  N  A?-N A 3 )  ••?.  ♦  (  MA3*NA  1  )  ##2) **.5 
IF  (  AH5(  XA1  )  -  AMS  (WAD)  5602,5602*5601 
Sfto?  (-naxsa=nai 
r;MlN5-\  =  XAl 
PO  ro  5603 
SftOl  rMA<SA*XA] 

PI«lN5A  =  NA  1 

6ft  0  3  FA  =  AmAX1(AHS<FxAS)  ,  A8S1ENA5) ) 

TF  (E  A-F‘ YR/FS11  5  362,5  352,30? 

535?  C*L  T5A= (Cha  XS A-CH1N5A ) /2, 

CMN5A3(C^AX5A*rHiN54)/2# 

falTra=caltsa 

sal  TftAsF  A|  t 5 a 

S^nsa=Cmn5a 

5ChKsAiAWS(Sv'N5A,SALTSA) 

T  F  ( SCH*5  4  .61,  fi  jw )  H50 , 815 
915  IF  ( SCMK5A-F YP ) A  1 6 , 8 16 ,8  1  7 
Hi  1  IF<AHS<SALT5M-FY)B18»818,819 
h  1  A  5MNSa=F  YU-S  Al  T5A 
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r,o  rn  u<  1  n 
HI  <)  SMMbA=  , . 

Alb  ^MAHSA  =  S^MCA*<;ALTbA 
cjMIMSAsS'j'M^A-SAI  T  S  A 
BC1s*S;MNSA/S"AX5A 
v  s  0 

S  3  S  0  MsM* ] 

TF  (Hr  1  -R  (m )  )  b am  .  fi) 04 • 5350 

b  jiS  1  F-Ft<Sa*((R(w>-'>f'1)/(Wt|V,)“W(M“l)})4>(f,F(^)-F'F(M«l))>FF<M“l) 

r, o  ro  Tons 
7  0  04  FF  CbA*FF  (M) 

700S  rONTlUuF 

TC  1  Ai.S  (R  A  *<^.. )  -FFCRA)  S363»S-»S  3.RS0 
S38  3  kh  i  =  *shs*sus-spws*<;pas-S«S5 
xH^  =  -bC>nr-»»SRS 

XH  3*S  T  s 

MH  la*  SHI -Sh 1 -SP»1 ♦SP A  1 -SMS1 
mH2=-SCF»  1  »SW1 
Mh  J*S  f  1 

FXrtSs*  70711* ( ( xRl -XR?> **?♦ (XR2-XR3) *»?♦ (XB3-XB1  ) **2>  »*.5 
FNHS*.  7  0  Ml»((  Mm  -N«?)  *>»2*  (  MM?-NR3)  »•?*  ( MB3-NB 1 )  **2)  »«.S 
pH=AMAX] !  ARR  <rx«R> fAHS (EMMS) ) 

TF  (fcH-F YR/FSl)  7?]  «  7? I »  302 
721  tF  (  AMS  (  X8  1  )  -  ARF  (Mdl  )  )  5ft05»S60S» 5604 
SHO«5  cmA<SH  =  i-4h1 
CMlNSHsXIO 

CO  To  BJA? 

SS04  fMAXSRsXM) 
rMlMSR=NH 1 

S  16?  cALTSha  (CM/sxSH-CMlNSR) /?• 

CMNSH=  (C^AX5R*CBTN5R)/i»* 

FALTsRaCaL  TSO 
SALTSHsFALTSH«kTF 
SMNSRaCMMSM^KTF 
<5Chksh=  AHS  ( s^MKR^SALTbri) 

TF  ISC^KSn  .OT.  cii«»8sOiR?0 
h?o  IF (SCH*bH-F VH) «21 »R21 «822 
HP?  IF ( AHS ( SALTER) -FYH) 82 3*823»R?4 
823  SMNSMsF  YP-S  A|_TSR 
r,0  TO  H2l 
M?4  SPNbHaO. 

*3?1  <;  H  A  X  S  rt  *  S  M  fvjc  H  *  S  A  I.  T  5H 
SMlNRB*S'*M5R-S  ALT  58 
RC2aS'/lINSR/S'^AXSR 
mx  0 

blbO  MSM*1 

IF (R02-R (M) ) b3bl «7008.S360 

S36T  FFCbw=( (W(w).or?)/(R(M)-«(M-l ))}*(FF (M) -FF (M-l ) )*FF (M-l  > 
r,0  TO  7  0  0  7 
7008  FF  CRP  =  F  F ( ^> 

700  7  CON  T I MUF 

IF ( AhS(SmAxrH) -FFCRR) 5A03.5AO3*B50 
c  I.0AO  CALC'L  AT  TOMS  CONDITION  8  COLO. 

S403  P6*R 

FAMPA«(P  1/4. )  *  (0**2) 

FPL83F8* (PT /4 . ) # ( 500**2-8**?) 
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TLbaFAb.  ,S*THS*M 

mP6=  <  (L  *hO*g  )  /  ( ,9l*V)  )#  (Cl  *B*»2*r,AMMA*P6/  ( XT»  (  XT«*2<>C2«GE*G 

1 AMMA ) )  ) 

nTClcur i c 
nTC?aOf?C 

DlC3*OT3C  .....  ...  ....  ...  . _  .  _ 

nTH  1  s-t'Tl  h 
0TM2a-0r2H 
nTH  ?s“OT  3M 

tmin?=tm [^♦nrr i 

TMlN3«TMiM*rirc?*0TCl  _..._.  _ 

T  M  (  Na  *  f  i»i  I  n  *  i)  I  C  A  *  0  (  C.2  ♦  0  V  C.  1 
TMAX i  =  [max 
TMAX?b TMAX.flTHl 

TMAX3*TMAX*nTH2»OTHl  . . 

TMAX 4*  rMAX>nTM3*OTH2*!>rHi 

mCTGa*  (PI/3.)  «  («**2)<*  <HETA**2)  ♦(  (FE»TW«»3)/U2«»11.*F^U*«2)  )  ) *FTE* 

1  (l)TCl  )*M1  .♦flPTA*XT) 

IT  (0T01  ,FQ  ,  0.0)  700R,  7009 
7ooy  MHT(3A*MCTGft«nTHl /0TC1 
^0  TO  701(1 
7 0 0  ‘A  MhTii<S*MC  TGX, 

7010  C^NTINOF  _ _ _ _ _ _ _ 

RftlCa-FPlfi-TL* 

R62C  =  “Tpi.a*h4+ (PA*PI*B*SX)  #  (  XT/?.  ) -MPA-MC6»MCTG6-TU6*h6 
R<[,3Ca(P6<m*«;wn)/(4.*TA*SfF)-<P6*R*(  (A*«i/2.)  )/(♦.*(  (A-«)/2.)«FE) 

l_MF*(lMTr-J2-70.0)*SMD/2.>STF*(TMINl-70.0)*SHD/2.  . .  . 

P64C=  (HCP*(SX.yr>HT)  ♦HTE*(TMIfg4-70.0)*(«;x*XT*RT)-STE*(TMTNl-70.0)* 

I  ^  X - F  t E * X  T #  (  r m  I N2- 7 0 , 0 )  -R T E*p T *  (JM IU3- 7.(1 .0  L 1/  LQBA-QRA ) _ 

OftbCsDFA/ ( * (0RA-0RA«0$A) 1 

QftbC* (OHA-nRA) * (R64C-R61C) / ( DR A-DRA-D$ A ) 

R6  7CsR46C<MH/.h3)  ♦RMC»H?«  (R63C*X  T )  /  (HSR*2. )  *R62C 
R68C=( 1.- (RbbC* (H2*H3> )-(OFP«XT»*2)/(OSd*4.)  ) 

MObCaMOl -R* 7C /RbAC 

SLbCsSU  -RF7C*R65C/R6ftC-R66C  .  ...  ...  _ _ 

RSLbc  =  Rt»l.  1  ♦  (RA7C*0FR*XT)  /  (R6HC»2.*DSR)  -Ob3C/0SR 

RL6C=rlll-Px,lC-ob6C-Pb7C*W65C/P68C 

wiRfc>C*HL»sr*HF 

IF  (StbC-M^u) 331 »6390»b390 
h  1QO  Rbl Cns-FPL*-T|> 

R62Cms-FP|.x,*m4*  (P6*PT  «rf*SX  )  *  (XT/?,  >  -MPb.MCTQ0-TL6»H6 _ _ _ 

RF3CMS  <PA*H#SMn)  /u,*TA*SEE)  -(Pf>*B«  (  ( A*q )/?.))/  (4.*  (  ( A-B)  /  2. )  *FE) 
l-F  TE* ( TmIN?~70.0) •SMD/2,*STF*(TMIN1-70,o1#SMO/2« 

Qft4CM»  (RTF* (TMTN4-70. 0) * (SX«XT»RT) -STF* (TMIN1-70.0)* 

1SX-FTt*XT* ( rMiN2-70.0)-RTE*RT*(TMlN3-70.0) }/(PB.4-PRA) 

R6bCM*UF A/ (  (  h p ♦ H 3 ) * (OHA-OPA-DSA) ) 

PH6Cn=  (IJRA-ORA)  *  (R64CN-RftlCN)  /  (PRA-PRA-nSA) _ 

067CmsR(SACm#(m?>h3)  ♦R61CN»H2-(R63CN*XT)  /(OSR»P.)  *R62CN 

phhCm=(1  ,-(R*5CN*(H?*h3)  )-(0FP*XT*»2)/(nsR*4.M . 

vObCA'sMOl  -R47CN/R8ACN 

«;Lf)CM«SLl -M(t)7CN*P<>5CM/R68CN-R#»bCN 

RSL6CN*RSL1  ♦  (Rf7CN*I)FR*XT)  /  <  RftflCM*?  ,  *l)SO)  -P63CN/OSR 
RLbCM»Hl.l-RblCN-R6X»CN-R67CN*Rft5CM/RftMC^  _ ......  _ _ _  _ 

MR6CfJ  =  HLFr<*Hci 
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(.  STRFSS  CALCULATION  CONDITION  6  COLD 

<sHfcCN=  (Hi  60N«*mv*SL6CN*h3*FP!.  6«H4*TL6*H6)  /  <L*G1*«2»  <B,G0>  ) 

SWS6CD*  <‘>SLACN*X  T/2. !  /  (L*G1**2*  <  R  *  GO  »  ) 

SPW6CN=mP6/  ) 

SCCifcCNsMCTC-iS/  (|  !«**?»  (R*GOI) 

SH6Cn*.S*THH//m 

SP4F>CM*F  A6/A*-  .  _ 

seeh6C»o . 

SCEA6C*P6 

SPfiCN«MO*CN*  ( 1  .  83  3*  X  T«»LCE*  1 . ) / (L*XT»2,*  (R*G0  )  ) 

St 6Cn*h06CN * ( Y/ ( X T«*?*8) ) -2*SP6CN 
FSS6C0  =  H(  (SCN/  (  TOf>»PI<*XT) 

<?SC6CD*S16CN/  (  (  (8*2.*TA)  •*?-B**_2)  *R  1/4  _ _ _ _ _ 

RYb6CN=Ri6CN/  (nTA  ( I)«RN) 

^TH6CN*  (Mp<,rN*YP)  /  <RT«»*2*RID) 

PSS6CN  =  H|  6CH/ <  6«PI*RT) 

SFd6CNs4()*HL6CN/  (PI*  (  A**2-RID*»2)  ) 

IF  (SFdhCN-F CYC/2. >6314*6314,126 

126  lP(.00l-Ai)63l4t63l4.120  ......... _ _ 

6314  TF  l HTS6CU-RYC/FS3) 6344 ,6344,953 
953  IF  (0 •>11)6344*313*313 
6  344  IF  <Sr6CN-FyC/FS1)  6315,6315,302 
6H5  IF(ST6CN-FYC/FR1)6316, 6316*302 

6316  IF  (FSShCN-FSu/FSI  16317, 63 1  7*302 

6317  IF  (SSC6Cm-scyc/FS1)6330,6330,.627  _ 

627  PWINT  628 

628  FOHMAT  (1X.21M  5SC6CN  FXCEF.OS  LIMIT) 

6330  TF  (STH60-PYC/FS1  )  63 3 1  » 633 1 « 303 

6331  JF (PSbbCM-RSH/FSl ) 6312,6332,303  . . .  . 

6  332  XAl«-SH6rN,<;H4f'N*SPR6CN«SPA6CN4SHS6CN-SCG6CN 

xA2*-5CFA60SR6CN  _ _ _ 

xA3*ST6CN 

fXa6cN*.70  71  1*  (  (  XA1-XA2)  **2*  <  XA2-XA3)  **2*  < XA3-XA.1  > .*.*2).  **«5 
F  As£  < A6CN 

IF  (F.a-FYC/FS1)6363, 6363,302 
6363  XHl**SH6CN*SH6CN-SPR6CN*SPA6CN-SRS6CN*SrG6CN 

xR2*-SCFR6C*5P6Cn  _  _ _ _ _ _ 

xB3*STt>CN 

FXb6CN=.7071 1*((XB1-XR2)**?* ( XB2-XR3 ) **2* I XB3-X0 1 ) **2 ) ** , 5 
FH  =  E  XH6CN 

IF (ER-FYC/FS 1)637 1,63 7 1,302 
C  i.OAO  CALCULATIONS  CONOITIOM  6  HOT 

6371  R61Hs-FPL6-TL6  .  _ 

r62H«-FPL6«h4* ( P6*P I *H*SX ) * ( XT/2. ) -MP6-mc6*MHTG6-T L6«H6 
R63H«(P6*R*SPO)  /(4,»TA«SEE)-(P6*B*  !  ( A*B I /g. ) ) / ( 4 . » ( ( A-B ) /2 . > »FE ) 
1-FTE* ( Tmax?-7o#0) *SMD/2.*STF* (TMAX 1-70.0 ) *SM0/2. 

P64Ha  (HCP*  (SX*XT*«T)  ♦  BTE«  {  TMA X 4- 70  ,  Q  )  *  I  SXtXT ♦  RT l_r5.T£*  (.TMAXl"7Dt  01  * 
lSX-FTt*XT* ( th A x ?-70. 0)-RTF«RT*(TMAX 3-70.0) )/(DBA-DRA) 

r65H*0F  A/  (  <h2»m3)  •  (0RA-DRA-_D5A)_> _ 

R66H3 (DBA-nRA ) * (R64H-R61H) / (ORA-ORA-OSA ) 

r67H»R66h*  (M2*h3)  ♦H61H*H2-  (R63H*XT)/  (DSB*2»l.±R$iH _  . 

R6HH»( l .- (P6Sh* (H2*H3) ) - (OFR«XT»*2) / (nSP*4. ) ) 

m06H«h0 1 -R67H/968H 

SLt>H»SL  1-R6  7h»P6SH/R6BH-R66H 

rSL6m«RSL 1* t P67H»DF R*X T ) /  LR6BB?2^Q&Pl^flft3H/QSR^  __ _ 

HL6H«dL 1-R61 w-p66H-R67H*R6SH/R6Bh 
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mR6H::HL6h»h6 

TF  (SI.6H-MSL)  3.11  ,8390,  8  390 
8390  RblHN«-FPL6- TL6 

R62Mm=-FPL6*H4*  (Pb«PT*B*SX>  •  { XT/?. )  -MP&.MHTG6-TL6*H6 
B6  3Hn*  (Pb#H*S'Jin)  /  (4»<*TA*SFE)“  ( P6*8  *  (  ( A*B1 /?.  11/ (4»«  (1A-J172ji1*FEL 
t-FTE*  (  Tm ax p-70.0)  *9*0/2. ♦STF*  < TMAX 1-70. 0 ) *SMD/2. 

964HN=(GTF>( rMAX4-70.O)* (SX+XT»RT)-STF*  t TMAX 1-70 . 0 ) * 

1SX-K  rfc*XT»(TMAX?“70.0)“FHF.  »WT*<  I  MAR  j-  ro  .  0  j  ) / (OBA-uSm) 
h65HN*0F  A / { (H2*H3)* (0BA-DRA-05A) ) 

066HN*  (OHA-OPAl  *  (  R64HN-R6  1  HN )  /  (ORA-DRA-flSA) 

P6  7hn  =  H66HKi*  <H?»H3)  ♦R61HMH2-  <  R63HN*XT)  /  CDSR#2»  )  '►.B62HN 
P68hm*  ( 1 (P6Shn»  <h2->h 3)  ) - ( DFR*XT**2)  /<r>SR«4. )  > 

MU6Hiv|  =  i4()l-q/c1 7HN/R68HN 

SLbHMa$|_  1  -R67hn#R65HN/R68HN-R66HN 

«SL6HN»HSL1*  <Pb7HN«DFR*XT) / <R68HN*2.*0SR)-R63HN/DSR 
Rl6HM  =  HU-R6lHM-Rb6HN-R&7HN*R65HN/R6RHN 

vRbMA|  =  HLhHM*H5 

C  STRESS  C.ALULAT  T'lN  CONDITION  6  HOT 

SHbHN= (8L6HN»H?»SL6HN»H3*FPL6»H6*Tt,6«H6) /(L*Qi»»g»(B»60)  ) 

SRS6hNs <RSl6hn*XT/?. ) / <L*Gl**2* (R*G0> > 

SHG6CN=MHTGb/ (L*G1**?* (8*G0) ) 

SPRhHNaMPb/ (L*Gl**2* <H*G0)  ) 

SH6Hm=.Sh*TPM/7h 

SP A6hN  =  F  A6/ AH 

<5CtH6HaO. 

ACEAhHsPb 

SRbHNSMObHN*  ( l  .  333«XT*LCEM  «)  /  ( l*X  T«2 . *  < R*G0  1  > 

ST6mn*M06HN*  (  y  /  (  xT**?«B)  )  -Z*SR6HN 
FSbhHN*H|.  6HN/ (TOO*PI*XT) 

SSC6hN»SL6RN/< ( <R>?.*TA)**2-B**2)«Pl/4.) 
wTSbHNsHi^bHM/  (0T  A  ( I )  *HN) 

STR6HN»  <MWf,HN*YR)  /  <RT**2*RI0) 

RSS6hN  =  H|_6hN/  (  A*PI*RT) 

SFH6hN=4.*8L6HM/  <PI«  (A**2-RTD**2)  ) 

TF  (SPttbHM-FCv/P. )  8314.H3H*  127 
1?7  TF (.OOl-AT) 8114,8314,120 
8314  I F (HTS6HN-PY/FS3) 8344.8344.963 
963  IF (0-1  I ) H344.3ll.313 
8344  IF (SPbHN-FY/KSl ) 83 1 5 . H 3 \ 5 , 3 0? 

83  IS  TF  (STbHN-FY/FSi >8316,8316,302 
8316  IF  (FSS6hn-FS')/FS1  )  831  7.8317, 302 
8  117  IF (SSC6HN-SCY/FS1 >  8330,8330,629 

629  PRINT  630 

630  FORMAl  ( 3X , 2 1 H  SSC6HN  EXCFEDS  LIMIT) 

8330  IF (STR6HN-PY/FR1 )833l. 8331,303 

8331  IF  (RSS6HM-RSU/FS1 ) 8 3 3? » 8 332 ♦ 3 03 

8  332  XA  1s-SH6hn*SH6hn»SPR6HN^SPA6HN*SRS6HN-5hG6CN 

XA2*-bCFA6H,SRX,HN 
y  A  3  =  S  T  6hm 

PXA6hN3. 70  71  l*(  (  XA1-XA2)  *•?♦  (  X  A2-XA3)  *#?♦  (  XA3-XA1 )  **2>  **.5 
F  A  =E *  A6mn 

IF (FA-FY/FS1 ) 8 j 63.302.302 
8363  xri  1  =  *Sh6hn*S»36hN-SPR6HN*SPA6hN-SR56HN*SHG6CN 

xH2»-SCFn6H.SR6HN 
XH 3* S  f 6HM 

FXM6hN» .70 71 1* ( ( XB1-XB2) **2* ( XB2-X03) **?♦ (XB3-X81 ) **2) **.S 
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F  Hat 

TF  (t-.M-f-  Y/FS1  >M171*3 02*302 

C  i, n At)  c^lthlatton  condition  7 

A371  P7*n. 

FA  7*0  • 

FPL  7a (i 

U/*.S*THS*4T  ....  -  .  _ _ 

«71*-IL7 

P?2=-TL7*H/, 

R7  Ja.t  • 

R74 sn  . 

P7b=OF  A/ { ( w ? ♦ h 7 ) * (DBA-ORA-nSA) ) 

p/6*(UMA-r)RA)*(R74-R71)/(DBA-DRA-D5A)  _ _ _  _ _ _ _ 

p77«R76*CH?*H3)*R71*1-,2-<P7  3*XT)/(nSB*?.)*R7? 

R7Ha ( 1 (R75* <H?*H3) ) « (DFP*XT**2) / (DSR«4.) ) 

m07=mU1-M77/R7H 

S'.  7-SLI -D7*R  7C./M78 

RSL  7aRSL  1  *<R7  7*nFN*XT)/<R?8*?.*nSR>-R73/r)SR 

HL7aHLl-R7l-R76-H77#«75/«7R.  _ _ _ _ _ _ 

MR  7=ML7*hs 

If  (  O.or  i -MK,T >  «71 r*7Q*B70 
87  0  AT  SChK  =  MAX  1  F  <  ATS?P*BTS3«HTSf>HN) 

IMBTSChk  ,lT.  0.83*RY/FS2>  R73»fi71 
873  T  F  ( HT  b4  .i_T.  0 . B3*8U/FS2) 87? . 871 

i i  ?  BN1*  (r)N*BTSCMK«FS25  /  10.83*9Y)  .  .  _  _  _  _ 

MN2* (P  1*80.0) / <?.* (AS ( I ) ♦XT) ) ♦?. 

ANaMftX  IF  (HKtl  «MN?) 

NBsBN/2. 

Ns2*MU 

ANsN 

RM>«N  _  _ _ _ _ _ _ _ _ 

T  I  *  1 

RCUTaHCn 
GO  TO  117 
371  CONTINUE 

t1=pt/4.*too**? 

R'l=Pl/4.«  (  TOU*?.*HUBI)  **2  .  _ _  -  _ _ _ _ 

wGT»?.«PT/4.«M  ( a**2-TOO**?>  *XT*FPHO  + (Rnn*«?-PlO**2-BN*BH ( I ) **2>*RT 

] *hhho*8n««s (1)4*2* (SX*XT*RT*2,*R$U ) ) *«RHO) ♦2*«BN*NWT < I ) ♦ 2  t  *H*FRHO 
l«(l./3.*<Ml*Tl*<8l*T1) **.5) -T1 )-2.*PI/4.*(SOD**2-T0O*»2)*.025*FRHO 
l-PI/4.*  (For)**?-  (H^2.*TA)  **2)  *SLEG*TAN  (RT/9.)  *FRMO 
TRUa  <HL1*AS  (  T  )  )  /  ( BN*1;*  ) 

IF  (PI*HCO/BN-2.*(0SU)  ♦XT)  )  333»333xiJ)00  _  _  _ 

1000  print  1001 

10  01  FORma T  ( 3qh  MAXIMUM  SPACING  NOT  SATISFIED 
333  CONTfNUF 

IF  ( ( RCU-RI D ) /2.-RH  (I))  118*119*119 
H«  PRINT  3b 

35  FORMAT  (3x,41hdIFF£RFnCF  IN..8.C0  ANO  PIQ  LESS_JH£N_8h_i1  )J _ 

119  CONT  T  NUF 
PRINT  727 
727  format ( 1h  ) 

PRINT  7?« 

7?R  FORMAT (2bX,14M  DFSIGN  OUTPUT///) 

PRINT  2«0l)  ...  ...  ... _ _  _ 

2800  FORMAT ( 1 X,?SHRFNDING  MOMFNT  ANO  STRFSS) 
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PRINT 

/’hoi  format  (hx  ,imtuv,  :x,3mths) 

PRINT  THm , ( HS 

PRINT  2H03 

?bo  3  format  ( 7x ,  V'Tro> 

PRINT  9o?ocr«3 

PRINT  TOO  1  . . . .  . 

3001  FORMAT  (?4p  I  0  A  0  8  POO  ALL  CONDITIONS) 

PRINT  3002 

300?  FORMAT  (*x, 3HM01 « 7X *3HBL1 .7X, 3HSL1 «6X,*MRSLl > 

PRINT  RO?O.MOl ,RLi «SL1 «MSl! 

PRINT  3003 

3003  FORMAT  <4X,3RM02, 7x»3HHL2.7X.5HSL?*6X«'  -R5L2»7Xt JHRC2*7**3H«P2L 
PRINT  90?0  tMO?,RL2»SL?*PSL?«MC2*MP? 

PRINT  3004 

3004  POHMaI  (SX,4R 30?P*6X,4H8L?P«ftX»4HSL?P«SX,5MRSL?P) 

PRINT  RO?o,mo?p,hl2P.ciL2P*«‘;l2P 

PRINT  JO  ()5 

3005  pORMaT  Kx,4Rmo?m>6X»4hRL2m,6X»4hSL2ma6X*5HWSI,2Mj _ _ _ _ _ 

PRINT  90?0,MDPMtBL2M»SL2M,PSL?M 

PRINT  3006 

30  06  FORMAT  (6X  ,  3*30.1,  7X  *  3HHL3»  7X  ,  3HSl  3  *  *>X  .  4 wBSl.  3 «  7X ,  3HMP3 ) 

PRINT  R0?0*mO3,RLJ»SL3»RSL3»MP3 
PRINT  3007 

3007  FORMAT  <6X,3R8L4>  . - _ _ _ _  _ 

PRINT  P0?0,RL4 
PRINT  3008 

3003  FORMAT  (6X.3RM05. 7X»3HBL5.7X,3HSL5*6X,4mRSL5.7X,3HMP5) 

PRINT  9  0?0 ,M05,RL5»SL5iRSl3tMP5 
PRINT  3 OOP 

30 OP  FORMAT  (5X,4HMQ6C«6X  .4HBL6C.6X«4H<>L6Cf  5x«5Hi’SL6CtfeX»3HMC6t  7X,1HMP6 
1  ) 

PRINT  P0?0,MO6r ,RL6Cf SL6CtRSL6CfMC6,MP6 

PRINT  3010 

3010  FORMAT  <5X,5HMCTG6i5X.5HMHTG6) 
pRInt  PO?f)  ,mCTO6»mhT06 

PRINT  3011  ..  _ _ _ _ _ _ 

3(11 1  FORMAT  (SX  ,SHMn6CN,5X  «  5H8L  6CN ,  bX  , 5HSl_6CM»  4X  *  6HPSL6CN) 
print  9  0?o  ,M04r;N»BLGCM*SL6CN,RSL  .>CN 
PRINT  301? 

301?  FORMAT  (5X,4Rmo6h,6X,4HBL6H»6X*4HSL6h»5*,5HPSL6H) 

PRINT  9  0?0  ,Mf)4M,RL6H,SL6HtRSL6H 

DR  I  NT  1013  _ _ _ _ _ _ 

30  13  pORma !  (5X ,bhmo6HN*5X ,5HBL6HN»  5X ,5HSL6HM»*X  t6HRSL6HN) 

PRINT  9n?0  ,Mfl6HN»kiL6MN«SLftHN,R5L6HN 
PRINT  3014 

3014  FORMAT  (6X,3H-t07WX»1HriL7t7X,3HSL7t6X,44«SL7) 

PRINT  90?o,MD7.RL7,5L7«RSI.7 

PRINT  P  1  04  _ _ _ 

PI  04  FORMAT  (  1 X , P7HSTRFSS  CONCENTRATION  F  ACTOp) 

PP  INI  9 1 05 

P 1 05  FORMAT (6X.3HKTF) 

PR  IN  f  90?1,KTF 
PRINT  3015 

3^15  FORMAT  <?Sh  SToFSSES  FOR  ALL  CO^OIT. IONS).  _  _  _ _ 

PRINT  3014 
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irtl*  FORMAT  (4X,  IMp-  x  A  *  U%  3HENA,  TX,3HEXR«7K,3HgNR> 

PRINT  907'5,F'!<A  ,ENA,ExR  «  ENB 

print  ioi  r 

loir  FORMAT  (SX,4HF*A?»6X,4'-'ENA2?»6X*4HEXH?,6x,4HENB2) 

PHINT  90?0,F<4?,FNA2,E*82,ENR2 
PRINT  301  R 

3  0  H  f  ORM  A  T  <  4  x  ,  6HSM  A  X  H  A  ,  4  X  *  6HSM I N2  A  f  5X  »_5H/F  C?AiAXj  kFlSM  AX  2B.4X,t,HSMIN2B» 

1  *5  X  *5hFFC?H) 

PR  IN  T  P0?0,Smax2A,SmTM2A,FFC2A, SmAX2R,SmIN2«»FFC2B 
PRIM)  /?? 

7  2?  forma  r (SX ,4hSk?P«5x ,8HSRS2P*F>X,4HSH2M,5x.5HSRSgMf 6X94HSPR2»?X,3HSB 

1 ? ffoX « 4MSPA?  > 

PR  t  NT  90 7 0 ,  m  •< *?  t  SRS2P » SH2M  ,  <i RS 2 m  t S P « 2i SB2» HP A2l _ 

print  r»i 

721  FORMA  r  (IK  ,4Hp:r.?>p,t,x,4HliR204,6x»4HST2P»6X»4HS72M) 

PRINT  0020,  NR2P  ,SS?X‘<  ST2P»S?2M 
PRINT  3019 

3019  FORMAT  (SX,4RFxA.l,ftX,4HENA3Tex*4HEXB3,6x»4HENB3) 

PRINT  90?OtFXA2,fMA3,FX93,ENR3_.  _ 

PRINT  3070 

3020  FORMAL  <RX,4t-F  'A5*6X,4HENa5,6X»4HEXB5«6X»4HEnB51 
PRINT  R  0  7  0  ,  f  t  A  s ,  F  N  A  S ,  £  X  B  5  -  E  N  rt  ?> 

PRINJ  307 1 

30  21  FORMAT  (4X  ,4HSM.AXSA,4<  «5»MSM1R^A*5X  *5HFFCqA»4X  ,6HSMAX5B»4X,6HSMIN5B« 

15?  »5hF  FC5b)  _  _ _ _ 

PRINT  RO?o,  v>AXSA,SMTN5A,FFCSA,SMAXSR,Sm!N58,FFCBB 
PRINT  t? 4 

7  24  FORMAT  <SX  ,3-,Sms,*x,ahSRS5,  7X  ,  3HSB5  «  5>X  ,4r$PA5 , 7* ♦  3H5R5 1  7X  ,  3HST5  » 

16X »4hSPRF ) 

PRINT  90?0,SHS,SrcS5»SB5»SPAS.SR5,S75»SPPS 
. .  PR  .IN  1.72*5  ....  _  _ _ 

??«5  FORMAT  <#»X  ,3,aSR1  .<SX,4hSRS1 ,7X,3HSB1  »6X, 4h*PA  1 » 7 X , 3HKR 1  •  7X *  3HST 1 1 
l#tX*4MhPRl  ) 

PRINT  90?0, SP1 ,SMSl,$Hl*SPAl.SRl,STit5PRl 
PRINT  10c 2 

1022  FORMAT  (BX,*,HF  XAfSCN,BX,6HtXP(SCN»SX  »  ft  HEX  AftHW  »  3X  ,  feHEXfl&hN ) 

.  PRINT.  9C?«tcxAACNvE  XB6.CN  I  E.X  Afi  HN  f  . . — _ 

PRINT  30?R 

30  29  FORMAT  (FX,  ihbtS  ,bX  ,5HBTS2P,6X»4RBTS3*6X,4HBT54f'!>X,  4RBTS5 1 4X* 

1  4HbT<;PCN,4X  ,  *HRTSbi~iN) 

PRINT  9O7n,H7s,an?0*RrS3t«TS4,BT5S»BT3%CN«!3TS6HN 
PRINT  3031 

10.31  FORMA  !  (  7  x  ,  3HSF9 « &JHtS.H$FB2P t5». «.5MSfH2LM 4.H5.F 3.3 J AS-iA  X-i&iSE- 

1 R6CN  »  4  X  » SmcfR^hm) 

PRINT  9  0?  0  ,  SF  B  ,  $F  BgP  ,  SF$2M  » *>F  B  3  »  SF  B5  »  SF  OfiCN  I  ’3F  BfiMN  _ 

PRINT  3073 

3023  FORMAT  ( 1 1 h  DIMENSIONS) 

PRINT  2R02 

FORMAT  _<9X  yJ.HRjfcX  .4HHIJBI  tBX,2MGl«BXt2Hf  P) _ _ _ 

PRINT  9071 ,M, HUB! ,G1 ,FR 
PRINT  3024 

3074  FORMAT  (  4  X  »  7h  T-*'  «i  7X  *  3m  TOO  ) 

PRINT  9021,1**100 
PRINT  307S 

3D2S  f  0 RM  a  T  ( h  x .  1  h 4.j  9 * ,  .  HJ1.,  8*  a .2  b* 7  * 7  *  *  i^aCQl _ _ _ 

PRINT  9071 . A,B,XT,HCn 


PRINT  3030  .  _  _ 

3030  FORMAT  <fcX,3HQnO,7X.3HRID*7Xf?HRT) 

PRINT  V021,Bf!!),RIU,RT  .  _ . . . . . .  . 

PRINT  30?6 

3  02 6  F  0 H M  a  T  <  6  X . 3  H 5 0 Q . 7  X  *  3H SID j  7  X  # 3 HS£L . 8>U2«TA*5A»5HSL£5T1 _ 

PRINT  9021 *  SOO » S 10 1 SFL ♦ 7A «  SUEGT 

. .  PR  INT._30.27  ....  _ _ _ 

3027  FORMAT  (RX.RMRSU)  .Sx,5HBH(!)  « 4X « 6HBT  A  (  T  >  »4XtfcWBW€(I)  *6Xf?HBN) 

PRINT  90?ltQS(I)  *BRU)  »BTA<!>  *8WC<I)  *BN  . . 

PRINT  302® 

302®  FORMAT  (6X,3p^gT  )  _ _ _ _ _ _ _ _  ... _ 

PRINT  902i*WGT 

.._  .  .  .RBJLHJ  .310.3 .  .  _ _ _... _ _ 

9103  FORMAT ( 1H1 ) 

GO  TO  999  . . . . . . . . . _ . . . 

99P  CALL  £  X  I  t 

E'NO  .  . . . . . . . . . . 
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1.1000  l.«M  1.0000 


1.  CiU-'J .  U  elcDU .  U  -iUU'J .  t.l 


000013  .000300 


im^im-wniiryr'-rrT?T 


9900000.  4*000. 


1  TTTi  im*:  ■nTT7Tr- t 


J  U 


■n.Tfff  T'1*‘  -TTTi~T~  '"I'TT.l.Zl 


1 .  05^5 


T'wT.'HiirTr’nrrrrrTrrars 


"^T-nr  -rTT^'-T-rr'  rriiciioiTLiiL- 

■HHHHHHHMHHHHbbhp&sbmh 

BSHiaiSranagaiipaaigxcEEiic  'aims 


t .  437*; 


0 . 437*5 


0.W1)  0.5375  0.750 


0.9375 


,  0030 


.  004* 


1  iWc  nrrrf  irrr'^r  nmn  -wia  in  nruir  ~mnr.  mm  j 


,0059  ,0100 


t.073 


t .315  t .53 


^5£^^^^^r^^^^TTTT'TC?TTTT’,~rTTfT:^'TTC;:  ii  i  r:  :  i:i:i;  jax::xia£giax..iiJ4^B 


.0354 


1.135  1.350  1.375  1.5 


^’nennrT-m'-q'aria  i 


-  ri^nr  i^ir  yirr  nri;r: :7in;in I 


|SywT5Srj‘^*^'^*^^l:TT: LiliUC-jilH- lIUJj aLiAilPCjLM . . 


1 .5350 


,0000 


.3750 


7500  3.0000 


1.3750 


T¥¥l 


f 

it 


& 


niiin 


•  lit  til*  «  n  ii|  -  »  i*  „  ,!!.(„  nnttjttnit  a(n  ■  n  i1»  h  »  »|i>  »  »*(«.««  «h  *  •> 
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FIGURE  B-Z.  PUNCHED  INPUT  CARDS  19  TO  36  FOR  3-INCH  1500-PSI 
ALUMINUM  INTEGRAL-INTEGRAL  CONNECTOR 

(Read  from  Bottom  of  Page  to  T  op) 


Input 'ro  thIT'IjEsign 


?  U8F  l  OAD*- 1  NHu  T 

_ TBm) _ 

.0010 

I.UH£  G£OMtTwY _ _  _ _ 

too  r*i 

_  .  3*1)000 _ _  _ _ _ 

TUHF  MAH'ftlAU  PROPER  UFS 

_ IU _ U _ IF _ IH _ TFRQ 

42000  32200  L  800  0  32200  2B400 

FLANGF  GEOMETRY _ _  _ _ _ 

RC01  mUMI I 

.  __ . 0.0000  OtOOuO _ 

giotw  i 

_ _ 

FRI  f  SF 1 

_ o.  nooo _ 2.iiu  uo _ _ _ _ _ _ _ _ _ 

FLANGE  MaTERIal  PROPcHlIES 

_ _ ffyrt _ _  _  _  _ _ _ 


45000 

FU 

C  Y 

FSU 

FCT 

FE 

F(3 

fyc 

FYR 

47000 

i  7  2  0  0 

2  180  0 

32200 

9900000 

3800000 

40600 

35000  : 

P  WHO 

F  Mi  | 

►  TE 

FCR 

! 

. 1 oonoooo 

. JJoOOUVO 

.  JODOl  100 

. U0020000 

»(1> 

R  (7) 

R  ( 1) 

R  (4) 

ft  (5) 

ft  (6) 

ft  ( 7 ) 

H  (8) 

-1.0000 

-  .  M  0  0  0 

-.6000 

-.4000 

-.2000 

0.0000 

•  2000 

.4000 

ft  <9) 

8(1  0) 

P(  11) 

.80  on 

.  3000 

1.0000 

FF  (  1 ) 

FF  (2) 

TK.il 

FF(4) 

FF  ( 5 ) 

ff  (61 

FF  (7) 

FF  (8) 

mooo 

200  0  0 

22000 

24000 

26000 

28400 

30000 

32000 

FF  (9) 

ff  Qii;  _ 

FF(ll) 

33000 

33bo0 

34  00  0 

SEAL  GEOmETky 

500  I 

SIUI 

SELI 

T  A  I 

TAOTW 

SLEGTI 

0.0000 

0  .  )0  u  0 

0.0000 

0.0000 

.9000 

0.0000 

SEAL  t  0 Al)5 

INPUTS 

RSLl 

SSL! 

1 1  jL  I 

HE>0 

blO 

J76 

SEAL  MATFHIaL  PROPER 

1  IKS 

SCY 

Stt 

5CTC 

SCTH 

SYR 

322  0  0 

9ROOOOO 

40600 

350U0 

32200 

STF 

.00001 JOO 

BOLT  GtOMETRY 

HH  (  U 

HH  (2) 

PHi3> 

HH  ( 4 ) 

8H(5> 

8h  (6) 

BM(7> 

BH(8> 

.2010 

.  7oi>0 

.3280 

.3970 

.4690 

.5310 

.5930 

.6560 

RH  J  S  ) 

HH.  t  0 t 

HH  (  LL> 

bH(12) 

BH( 13) 

bH  tl4) 

BH ( 15) 

.  79  to 

•  N  3  <  0 

!  .  0620 

i . isao 

1.3120 

1.4340 

1.5630 

RHt ( 1 > 

mw<;  ( 2 ) 

^  *»Ci J  >  - 

BWC (4J 

BMC (5) 

8*C16) 

8WCI7) 

tt*»C  (8) 

.6250 

.*80  0 

•  7200 

.8120 

.9680 

1.0620 

1.1500 

1.375b 

Hwr  ( 9) 

BwC  (  1  o,' 

_  ±?£U1_> 

13* C  (12) 

BXC114) 

BWCH5) 

l .  6250  2.0UOO  2.2800  2.3730  2.7500  3,0000  3.2500 


3-60 


MS  U  ) 

MS  (  f  ) 

HS<  3) 

8S  ( 4) 

BS(5) 

RS<6> 

BS  <  7) 

BS(8) 

.1900 

.2500 

.3125 

.3750 

.4375 

.5000 

.5625 

•  6250 

. . HS<V) 

HS ( 1 D ) 

H'iMU. 

BS 112-1 

B.SJ12J 

Bs<14> 

BS ( 15) 

.7600 

*  H  /  'J  i) 

1 . OOoO 

1.1250 

1.2500 

1,3750 

1.5000 

.  '1 T  A  (  1  1  ... 

HLO  (2J 

'UAUi 

-HIAlIAJ 

BTA(S) 

BtA (6) 

BTAC  7) 

B I A  (  B) 

.  02 DO 

*  0  Juh 

•  0  5  H  0 

.0878 

.1187 

.1599 

.2030 

•  2560 

HTA (9) 

HfAllO) 

oTA(Li) 

b  r  A ( 1 2) 

B r A  ( 1 3) 

BTA  ( 14) 

BTA (IS) 

.17.10 

,b')90 

.6430 

.  8560 

1.0730 

1,3150 

1.5810 

NWT (  1} 

nu  r  it  ) 

NWT(4) 

NWT (5) 

NUT (6) 

NB  T ( 7) 

NBT(8) 

.  n020 

.00-12 

.  0  0  4  tl 

.0069 

.0100 

.0150 

.0200 

•  0310 

NWT  <9) 

m  w  r  <  i  u ) 

nwTjLI  U 

IMM T  <i_2L_ 

NwT (13) 

NWTC14) 

NWT ( 15) 

.0440 

.  DO  /  U 

.1011 

.1300 

.1600 

.1900 

•  2300 

Dor ( 1 ) 

OAF  12) 

"Af(.l) 

0AF(4) 

OAF (5) 

DAF (6) 

DAF (7) 

DAF (8) 

.3760 

•  43/6 

.50U0 

.5625 

.6875 

.7500 

.8750 

.9375 

H4E  (9_L 

OAF (ID) 

OAF (11) 

UaF (12) 

OAF (13) 

DAF (14) 

DAF (15) 

)  .0626 

l .  2  b  y  o 

1.43/5 

1.6250 

1.8125 

2.0620 

2.2500 

HOI.  I  INPUT 

1  1 

Ha< 

.  _ CL._ 

1)3 

HNl 


0 . 0  0  0  0 

BOLT  MAfEHUL  PBUPfcPiiES 

HY  rtt  hi) 

BYC 

BYR 

47000 

9000000 

620  00 

58100 

50000 

MIL 

HtP 

HHHO 

.ooooi JOo 

. DOUPuODO 

• i ODOOOOO 

SYSTEM  PWEbSUPE  All!) 

1 LmPRhATURE 

P 

HP 

PB 

HIM 

TMAX 

TMlN 

15  00 

Pcmi 

JliQiL 

2350 

200 

-423 

UTC1 

60 

i)  T  L2 
JS 

Q  Th  1 

20 

Dfrl2 

U 

F  S 1 

F'j2 

fs  ; 

1  .  1  0  0 1) 

1.25^0 

. .  '  1-00  0  0  _ 

OKSIGM  OUTPUT 


RENDING  MOMENT  aNm  SlHtS'i 
TOM  THi 


YJ6.0_  _ 

Two 

102 

•40  ^  (1 

LOADS  FOP  ALL  C'lNUi  r  DJUS 

Ml)  1 

Ml-  1 

5L1 

RSL1 

U5bi 

2406S 

26061 

88S6 

m02 

hL<- 

SL2 

RSL2 

MC2 

_ HRZ _ _ 

1  <*to  1 V 

?81  19 

4446 

11709 

825 

3444 

mo2P 

HL2P 

Sl2H 

MSL2R 

)  4  7  7  6 

29620 

584  7 

11734 

mo2m 

Sl<!M 

HSL2M 

1  49S)(j 

2S614 

2  3  S  7  3 

11767 

m03 

ML  i 

-5L  J 

RSLJ 

MP3 

1  S034 

P  4*  >1 

9  0  31 

13198 

5166 

_  .  -SUL 

2b9U 


B-6  1 


MOB 

Hl.6 

5L5 

RSLB 

MP5 

}  5054 
m06 

1  3233 

MC  fO>6 

2 Mb  /3 
Hl.O 

?4  1  *0 

MM  J  1)4 

“44 

81.6CN 

82/3 

SL6 

5830 

13391 

HSLO 

97// 

5396 

MC6 

"825 

MP6 

3444 

— 

133 

MObCN 

SL6CN 

RSLbCN 

1  33«S> 

25846 

7231 

9802 

M06H 

3L.6H 

RSL6H 

15129 

?H  1  ( 2 

9857 

12360 

MftbHN 

Hl.briN 

SL4HN 

RSL6HN 

15266 

?9b  /3 

1  1256 

12385 

mO/ 

HL  ( 

5L  / 

R5L7 

1  452m 

24995 

2163/ 

8856 

STKFSS  CONCtNTR/\T  10H 

y  AC TOM 

KTK 

2.07  Lb 

STRFSSE5  F OH 

ALL  LunuITTOnS 

rx« 

KN  A 

LXrt 

ENB 

24053 

2<*053 

4984 

6964 

LX"2  . 

K  f  j  A  2 

LX82 

EN82 

U100 

1  9420 

6057 

4334 

SMAX2A 

SM  T  N2 A 

FFC2A 

SMAX2B 

SMIN2B 

„  FFC2B 

-180)1 

-40  14 

31  326 

30207 

9202 

30954 

Sh2H 

SRS2b 

5h2m 

SHS2M 

SPR2 

SB2 

SPA2 

1801  / 

51b/ 

18246 

51  /  2 

3454 

2642 

1236 

SM2P 

Sl(2'-i 

ST^H 

ST2M 

6711 

66U6 

11643 

11811 

EXA3 

fefjA3 

t  XH  3 

ENB3 

1338b 

4454 

4454 

FXA5 

F.XH5 

EN65 

12968 

24053 

4419 

6984 

SMAX5A 

SM1N5A 

F  E  C  5  A 

SMAX5B 

SMIN58 

FFC5B 

-1462b 

-3112 

318/2 

30295 

20961 

33270 

^Hp 

SHSb 

_Sli5 

SPA5 

SR5 

ST5 

SPR5 

17913 

6666 

0 

3504 

6837 

1  1662 

~T412 

SHl 

5851 

SOI 

SPA1 

SRI 

ST  1  ..... 

SPR1 

18517 

3693 

0 

0 

6622 

1 1489 

0 

EXA6CN 

y  xttocb 

LXA6HN 

EXB6HN 

1  0444 

1  2504 

22630 

14293 

Hi  5 

HT52P 

HTS3 

HTS4 

BTS5 

BTS6CN 

BTS6MN 

?809 1 

3)610 

30675 

2/925 

30790 

27529 

31B6B 

DIMENSIONS 

H 

HUbI 

(31 

FR 

1.2026 

.2660 

.4002 

.1250 

TW 

TOU 

.  1  322 

3.0000 
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APPENDIX  C 

NOMINAL  DIMENSIONS  AND  ASSEMBLY  INSTRUCTIONS  FOR  AFRPL 
FLANGED  CONNECTORS  FOR  CRYOGENIC  SERVICE 


This  appendix  contains  nominal  dimensions  and  assembly  instructions  for  alumi¬ 
num  and  stainless  steel  AFRPL  flanged  connectors  for  cryogenic  service.  The  maxi¬ 
mum  operating  pressures  are  100,  200,  500,  1000,  and  1500  psi.  The  line  sizes  include 
pipe  and  tubing  from  1  inch  through  16  inches  in  diameter.  Standard  wall  thicknesses 
have  been  selected  for  the  pipe  sizes.  The  tubing  wall  thicknesses  have  been  based  on 
stress  calculations  because  of  the  lack  of  industry  standards.  The  dimensions  are  ap¬ 
plicable  to  the  assemblies  shown  in  Figure  1:  (1)  integral/ integral  flange  assembly, 

(2)  loose -ring/loose -ring  flange  assembly,  and  (3)  integral/ loose -ring  flange  assembly. 
Stud  dimensions  are  given  in  addition  to  bolt  dimensions  because  the  stud  form  facil¬ 
itates  the  use  of  special  fastener  materials. 

As  discussed  in  the  report  body,  it  is  recommended  that  military  standards  be 
prepared:  (1)  for  all  connectors  for  tubing  from  1  inch  through  3  inches  in  diameter, 

(2)  for  aluminum  connectors  for  pressures  cf  100,  200,  and  500  psi  for  tubing  through 
16  inches  in  diameter,  and  (3)  for  stainless  steel  connectors  for  100  psi  for  tubing 
through  8  inches  in  diameter.  While  the  other  connectors  are  probably  satisfactory, 
further  testing  is  recommended  for  selected  connectors  prior  to  the  preparation  of 
military  standards.  Some  of  this  testing  and  the  preparation  of  additional  connector 
dimensions  will  be  accomplished  as  a  part  of  further  work  under  Contract  AF  04(611)- 
11204.  A  supplementary  report  will  summarize  this  information. 

It  was  mutually  realized  that  considerable  work  would  be  required  by  the  Air 
Force  to  complete  the  preparation  of  the  recommended  military  standards.  However, 
because  of  the  number  of  decisions  that  had  to  be  made  by  the  Air  Force  concerning 
the  scope  and  form  of  the  military  standards  and  specifications,  it  was  decided  to  limit 
the  data  presented  in  this  report.  General  recommendations  concerning  various  aspects 
of  possible  standards  and  specifications  are  contained  in  the  report  body.  The  nominal 
dimensions  and  assembly  instructions  for  cryogenic  connectors  are  contained  in  Ta¬ 
bles  C-l  through  C-16  of  this  appendix.  Additional  information  is  given  below. 


Materials 


Connectors  have  been  designed  for  use  with  aluminum  and  stainless  steel  tubing 
materials.  The  material  for  the  connector  flanges  has  been  made  the  same  as  the  tubing 
to  minimize  welding  and  corrosion  problems.  Different  materials  have  been  selected 
for  other  parts  of  the  connectors  to  achieve  improved  performance.  The  materials  for 
each  type  of  connector  are  discussed  briefly. 


C-l 


Aluminum  Connectors 


Aluminum  alloy  AMS  4117  (6061  - T 6 )  was  selected  for  the  integral  flanges  and  the 
loose-ring  flanges. 

Overaged  6061  -T6  aluminum  was  selected  for  the  seal  material  on  the  basis  of  the 
work  described  in  Technical  Documentary  Report  No.  AFRPL-TR -67 - 1 9 1 .  In  an  ap¬ 
pendix  to  that  report  it  was  recomme  ided  that  MIL-F-27417  be  revised  to  include  the 
necessary  information  for  aluminum  threaded  connectors.  Thus  the  military  standards 
for  flanged  connectors  could  bear  the  same  material  designation,  i.e.:  aluminum  alloy, 
AMS  4117,  overaged  per  MIL-F-27417,  paragraph  3.  2.  1 ,  1 .  2. 

The  material  selected  for  the  aluminum  bolts  and  nuts  was  aluminum  alloy 
AMS  41 19  (2024-T351). 


Stainless  Steel  Connectors 


Corrosion-resistant  steel  AMS  5646  was  selected  for  the  stainless  steel  integral 
flanges  and  loose -ring  flanges. 

The  material  selected  for  the  stainless  steel  seals  was  the  same  as  for  the 
threaded  connectors ,  i.e.:  corrosion-resistant  steel,  AMS  5639,  AMS  5650,  or 
AMS  5651.  The  nickel  plating  required  for  the  stainless  steel  seals  for  flanged  con¬ 
nectors  should  be  covered  by  MIL-P-27418. 

The  material  selected  for  the  bolts  and  nuts  was  A286.  rhe  specification  given 
in  MS  27852  for  the  A286  threaded- connector  nuts  was  AMS  5715.  In  bolt  form  this  ma¬ 
terial  is  cold-worked  to  a  high  yield  strength  and  these  are  the  types  of  bolts  that  were 
purchased  and  used  in  the  test  program.  It  is  not  known  whether  a  standard  specifica¬ 
tion  exists  for  this  condition. 


Nut  F  orm 


For  the  test  program,  self -locking ,  hexagonal,  ring-base,  corrosion-resistant- 
steel  A286  nuts  were  used.  They  were  machined  as  per  MS  21043.  The  2024-T351 
aluminum  nuts  were  plain  hexagonal  type  and  machined  as  per  AN  315-UNF-3B. 

It  is  recommended  that  Specification  AN  315  with  UNF-3B  threads  be  used  for  alu¬ 
minum  2024-T351  nuts.  The  corrosion-resi  stant- steel  nuts  with  UNF-3B  threads  can 
be  made  according  to  MS  21043.  MS  21043  will  have  to  be  extended  to  include  larger 
size  nuts.  As  an  alternative,  the  steel  nuts  can  also  be  made  according  to  AN  3  15. 
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T AJs’-E  C-15,  INSTALLATION  OF  AFRPL  FLANGED  CONNECTORS  FOR 
CRYOGENIC  SERVICE 


Pipe  /  Tube 

Preeeure  OD 


Wrench  Torque  for  Alu¬ 
minum  Connectora-Per 

_ Bolt  -  Lb -In. _ 

Minimum  Maximum 


Wrench  Torque  for  Stain- 
lesa  Steel  Connectora- 

Per  Bolt  -  Lb-In. _ 

Minimum  Maximum 


100  1.0 

1.  Z5 
1.5 
2.0 

2.  375 

2.  5 

3.  0 

3.  5 

4.  0 

4.  5 

5.  0 

5.  563 

6.  00 

6.  625 
8.  0 
8.  625 

10.  00 
10.  75 
12.  0 
12.  75 
14.  0 
16.  0 

200  1.0 

1.  25 

1.  5 

2.  0 

2.  375 

2.  5 
3  0 

3.  5 

4.  0 

4.  5 

5,  0 

5,  563 

6.  00 
6.  625 
8.  0 

8.  625 
10.  00 
10.  75 
12.  0 
12.  75 
14.  0 
16.  0 


12.4 

13.  0 

12.  4 

13.  0 

14.  7 

15.4 

16.  4 

17.  2 

22.9 

24.  0 

17.7 

18.  6 

21.4 

22.  5 

60.7 

65.  0 

36.4 

38.  5 

53.  6 

56.  0 

41.6 

43.  7 

54.  3 

57.  2 

46.  3 

48.  5 

53.  6 

56.  5 

59.6 

62.  8 

53.4 

56.  C 

54.  7 

57.  2 

60.  5 

63.  0 

54.6 

57.0 

104.  9 

1 10.  0 

54.  0 

56.  6 

55.  3 

58.4 

13.0 

14.  0 

13.  0 

14.  0 

15.  8 

17.  0 

17.  7 

19.  0 

24.  3 

25.  5 

19.  6 

21.0 

23.9 

25.  0 

55.  8 

59.  0 

47.  3 

50.  0 

58.  6 

62.  0 

54.  9 

58.  0 

55.  2 

5  8.  6 

56.  0 

59.  0 

53.  2 

56.  0 

55.  3 

58.  6 

58.  1 

62.  0 

55.  8 

59.  0 

102.  0 

108.  0 

57.  1 

cr 

o 

o 

105.  6 

1  10.  0 

106.  6 

1  l  1 . 0 

105  (' 

1  10.  0 

21. 5 

23.  6 

20.  0 

22.  0 

23.  8 

26.  2 

32.  0 

35.  2 

46.  2 

50.  6 

32.  0 

35.  2 

38.  8 

42.  6 

108.  1 

118.  0 

78.  2 

85.  6 

101. 3 

111.0 

83.  1 

91.0 

105.  7 

1 16.  0 

87.  2 

95.  6 

98.  9 

108.  6 

106.  9 

117.  5 

102.  0 

112.  0 

102.  0 

112.  0 

101.  5 

111.5 

105.  0 

115.5 

98.  7 

118.  5 

103.  0 

113.0 

103.  9 

114  0 

22.  2 

24.4 

20.  o 

23.  9 

25.  2 

27.  7 

34.  0 

37.  4 

40.  4 

44.  5 

34.  6 

38.  0 

42.  4 

46.  7 

1  13.  6 

124.0 

86.  4 

95.  0 

1  08.  6 

1  18.  0 

93.  6 

103.  0 

103.  0 

113.0 

101.2 

111.5 

99.  3 

109.  0 

101.7 

111.0 

100.  8 

1 1  o.  o 

102.  5 

112.0 

100.  0 

1  10.  0 

102.  8 

1  12.  5 

104.3 

115,0 

102.  5 

1  12,  0 

101 . 5 

111.5 

C  -  32 


TABLE  C-15.  (Continued) 


Pipe/ Tube 

Pressure  OD 


500  1.0 

1. 25 
1.5 
2.0 

2.  375 

2.  5 

3.  0 

3.  5 

4.  0 

4.  5 

5.  0 

5.  563 

6.0 

6.  625 
8.0 
8.625 

10.  0 
10.  75 
12.0 
12.  75 
14.  0 
16.  0 

1000  1.0 

1. 25 

1.5 

2.0 

2.  375 

2.  5 

3.  0 

3.5 

4.  0 

4.  5 

5.  0 

5.  563 

6.0 

6.  625 
8.  0 
8.  625 

10.  0 
10.  75 
12.  0 
12  75 
14.  0 
16.  0 

1500  1.0 

1.  25 

1.  5 

2.  0 

2.  375 

2.  5 

3.  0 

3.  5 

4.  0 

4.  5 

5.  0 

5.  563 

6.  0 

6.  625 
8.  0 
8.  625 

10.  0 
10.  75 
12,  0 
12.  75 
14.  0 
16.  0 


Wrench  Torque  for  Alu¬ 
minum  Connector* -Per 


Bolt  - 

Lb-In. 

Minimum 

Maximum 

14.  8 

16.  0 

18.  9 

20.  6 

18.  5 

20.  0 

22.  3 

23.  6 

53.  0 

55.  6 

23.  0 

25.  0 

53.  6 

56.  2 

52.  9 

55.  5 

56.4 

59.  2 

55.  3 

58.  0 

53.  2 

55.  7 

111.0 

117.  0 

63.  5 

67.  0 

104.4 

109.  0 

106.  0 

111.0 

115.  5 

121. 0 

191. 0 

200.  0 

190.  0 

2C0.  0 

197.  7 

207,  0 

226.  6 

238.  0 

316.  5 

332.  0 

462.  6 

485.  0 

23.9 

25.  0 

24.  5 

26.  0 

25,4 

27.  0 

51.8 

54.  5 

54.7 

57.  5 

52.  6 

55.4 

55.4 

58.4 

105.  8 

111.0 

102.  2 

107.  0 

205.  5 

215.  0 

107.  5 

112.  5 

202.  5 

212.  0 

194.  2 

204.  0 

194.  5 

204.  0 

306.  7 

322.  0 

322.  5 

338.  0 

484.  0 

510.  0 

502.  0 

520.  0 

511.0 

530.  0 

550.  0 

580.  0 

800.  0 

840.  0 

1097.  0 

1140.  0 

21.8 

23.  0 

53.  5 

56.  5 

52.  6 

55,  0 

55.  4 

58.  0 

111.0 

1  17.  0 

100.  5 

105.  0 

102.  0 

107.  0 

193.  0 

203.  0 

182.  0 

191.0 

199.  0 

210.  0 

188.  0 

197.  0 

311.0 

327.  0 

318.  0 

332.  0 

50! .  0 

525.  0 

510.  0 

535.  0 

575.  0 

610.  0 

830.  0 

870.  0 

1 180.  0 

1240.  0 

I860.  0 

I960.  0 

1997. 0 

2080.  0 

2962.  0 

3000.  0 

4430.  0 

4500.  0 

Wrench  Torque  lor  Staln- 
leaa  Steel  Connectora- 
Per  Bolt  -  Lb- In. 


Minimum  Maximum 


25.  8 

28.4 

32.  2 

35.4 

29.0 

31. 8 

40.  6 

44.  6 

45.  6 

50.  0 

44.9 

49.  4 

42.9 

47.2 

94.  2 

104.  0 

108.  2 

119.  0 

100.  0 

1 10.  0 

95.2 

104.  0 

95.  8 

105.  0 

101. 0 

111.0 

99-  8 

110.0 

109.  2 

120.  5 

109-  8 

121. 0 

192.  1 

210.  0 

194.  8 

214.  0 

196.  8 

216.  0 

204.  5 

224.  0 

197.4 

217.  0 

213.  6 

232.  0 

39.  8 

43.  6 

38.  5 

42.4 

38.  8 

42.  7 

40.  8 

45.  0 

45.  5 

50.  0 

91. 0 

100.  0 

101. 3 

111.0 

98.  0 

108.  0 

102.  8 

113.  0 

10B.  2 

1 19.  0 

109.4 

120.  1 

182.  8 

200.  0 

181. 2 

199.0 

186.  7 

205.  0 

194.4 

213.  0 

199.7 

220.  0 

225.  9 

247.  0 

228.  7 

251. 0 

348.  6 

383.  0 

360.  3 

396.  0 

390.  9 

429.  0 

608.4 

668.  0 

37.  2 

40.  9 

40.  0 

44.  0 

42.  0 

46.  2 

104.  5 

1  14.  5 

97.  0 

106.  8 

91.0 

100.  0 

106.  2 

117.  0 

112.  6 

123.  0 

186.  8 

205.  0 

177.  0 

190.  0 

192.  6 

210.  0 

203.  0 

223.  0 

214.  7 

236.  0 

333.4 

368.  0 

359.  0 

395.  0 

378.  8 

416.  0 

413.  5 

454.  0 

443.  8 

487.  0 

883.  4 

970.  0 

706.  0 

770.  0 

959.4 

1051. 0 

1071. 0 

1180.  0 

C  ~  ^  3 


TABLE  C-  16.  INSTALLATION  OF  AFRPL  CRYOGENIC  FLANGED  CONNECTORS 


Step  1 

A  connector  may  consist  of  two  integral  flanges,  two  loose-ring  flanges,  or 
one  flange  of  each  type,  as  shown.  Weld  the  integral  flange  directly  to  the  tub¬ 
ing.  For  a  loose -ring  flange  first  place  the  loose  ring  on  the  tubing.  Be  sure 
the  radius  of  the  loose  ring  faces  the  flange.  Weld  the  loose-ring  flange  to  the 
tubing. 


Remove  the  dust  caps.  Inspect  Surfaces  A,  B,  C,  D,  and  E  for  dirt,  contamina¬ 
tion,  or  surface  irregularities.  If  necessary,  rinse  the  surfaces  with  methyl  - 
ethy'lketone  and  dry  parts  with  a  filtered  air  stream  or  wipe  parts  with  clean  paper 
tissue  moistened  with  methylethylketone.  Replace  the  dust  caps. 


TABLE  C- 16.  (Continued) 


Step  3 

Coat  the  threads  of  the  studs  and  bolts  and  the  bearing  surfaces  of  the  nuts  and  bolt 
heads  with  lubricant.  Apply  the  lubricant  sparingly.  Work  the  nuts  on  the  male 
thread's  by  hand.  Remove  the  nuts  and  inspect  the  thread  surfaces  for  an  even 
coating  of  lubricant. 


Step  4 

Remove  the  seal  from  the  protective  wrapping.  Inspect  Surfacer  A.  of  the  seal  disks 
with  a  5-power  lens.  Discard  the  seal  if  the  surfaces  are  scratched  or  irregular. 
Clean  the  surfaces  with  methylethylketone  if  dirty. 
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TABLE  C-16.  (Contimxed) 


Step  5 

Remove  the  dust  caps  from  the  flanges  and  locate  the  seal  in  the  flange  cavities. 
Care  must  be  exercized  to  avoid  nicking  the  edges  of  the  seal.  Handling  with  clean 
hands  is  permissible,  but  the  sealing  surfaces  must  not  be  contaminated  with  dirt 
or  lubricant. 


Step  (i 

Tighten  the  nuts  of  the  studs  or  bolts  fingertight  while  maintaining  an  axial  force  on 
the  tlange  to  keep  the  sea>  in  place.  Tighten  the  nuts  with  a  calibrated  torque  wrench 
to  the  recommended  torque.  The  nuts  should  be  tightened  m  sequence  with  a  maxi 
mum  of  1/2  turn  per  nut,  Several  tightening  cycles  are  required  to  seat  the  seal 
and  preload  the  connector. 


Unclassified 
Security  Classification 


DOCUMENT  CONTROL  DATA  -RAD 


■  l.  ORIGINATING  ACTIVITY  (Corporal*  Autil or) 

|  Battelle  Memorial  Institute 

I  Columbus  Laboratories 

|  505  King  Avenue,  Columbus,  Ohio  43201 

IA.  REPORT  SECURITY  CLASSIFICATION 

Unclassified 

it b.  OROUF 

RIRORT  TITLE 

Development  of  AFRPL  Flanged  Connectors  for  Rocket  Fluid  Systems 

4.  dibcniRTIVI  NOTH  f7>p«  ot  Nyorl  And  •nctuflvc  dutfa) 

Final  Report 

•  »u TuoniSI  (Hr mi  naan,  mldttt*  Initial,  ts<f  nuwj 

Trainer,  Thomas  M.  Thompson,  John  R. 

Baum,  Joseph  V.  Ghadiali,  Nuruddin  D. 

•  ■  RCRORT  DATE 

My  1969 

7A.  TOTAL  NO.  OF  PAGES  1? b.  NO.  OF  REFS 

311  |  22 

•A.  CONTRACT  OR  ORAN  T  NO. 

AF  04(611)-  11204 

b.  PROJECT  NO. 

3058 

c. 

d. 

#A.  ORIGINATOR'S  REPORT  NUMBR  R(S) 

AFRPL- TR-  69- 97 

•a.  OTHIS  ssroRt  NOW  (Any  other  number*  that  o> my  b*  ••tlaiW 

Mil  report) 

10.  DISTRIBUTION  STATKMCNT 

Qualified  requestors  may  obtain  copies  of  this  report  from  DDC.  This  document  is  subject  to  special  export  controls  and 
each  transmittal  to  foreign  nationals  may  be  made  only  with  prior  approval  of  AFRPL  (RPOR/STINFO),  Edwards, 

California  93523. 

II.  lUR^HMiNTARV  NOTES 

1*.  SPONSORING  Ml u  T  ARY  ACTIVITY 

Air  Force  Rocket  Propulsion  Laboratory 

AFRPL  (RPRPD) 

Edwards,  California  93523 

1*.  AMSTSIACT 

A  3-year  program  was  conducted  to  develop  a  family  of  flight- weight  flanged  tube  connectors  which  utilize  the 
"Bobbin"  seal  concept  for  both  6061-T6  aluminum  and  Type  347  stainless  steel  tubing  systems.  In  addition,  engineering 
support  was  furnished  during  the  evaluation  of  AFRPL  stainless  steel  threaded  connectors  by  selected  organizations.  The 
activities  in  relation  to  the  first  objective  consisted  of:  (1)  the  selection  of  bolted,  flanged  connectors  as  the  best  means 
of  joining  tubing  from  1  to  16  inches  in  diameter.  (2)  the  development  of  stainless  steel  and  aluminum  Bobbin  seals  for 
typical  flanged  connector  sizes,  (3)  the  preparation  of  a  detailed  computer  program  for  the  optimum  design  of  flanged 
connectors  incorporating  Bobbin  seals,  (4)  the  design,  fabrication,  and  qualification  testing  of  representative  flanged 
connectors,  and  (5)  the  preparation  of  designs  for  a  family  of  stainless  steel  and  aluminum  flanged  connectors.  The 
activities  directed  toward  the  second  objective  consisted  of:  (1)  the  investigation  of  seal-removal  tools,  (2)  the  design 
and  evaluation  of  connector  modifications  to  achieve  seal  retention  and  misalignment  limitation,  (3)  the  investigation  of 
increased  radial  seal  loading  techniques,  and  (4)  the  investigation  of  stress  relaxation  in  threaded  connectors.  In  addition 
to  a  summary  of  the  technical  activities,  the  report  contains  the  computer  design  program  for  flanged  connectors,  and 
designs  for  aluminum  and  stainless  steel  flanged  connectors  for  pressures  up  to  1500  psi  and  for  tube  sizes  through  16  inches. 
It  is  recommended  that  MS  standards  and  specifications  be  prepared  for  cryogenic  stainless  steel  and  aluminum  flanged  con¬ 
nectors  for  tubing  through  3  in.  in  diameter.  Additional  developmental  work  is  recommended  in  regard  to  larger  flanged 
connectors,  and  in  regard  to  certain  aspects  of  the  stainless  steel  threaded  connectors. 


DD 


FORM 

I  NOV  SV 


1473 


Unclassified 
Security  (Classification 


Unclassified 


Security  Classification 


Flanged  Connectors 
Threaded  Connectors 
Metal  Seals 
Bobbin  Seals 
Thermal  Gradients 
Fatigue  Testing 
AFRPL  Connectors 
Nickel  Plating 
Stress  Relaxation 
Helium  Leakage 
Cryogenic  Testing 


Unclassified 


